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The South Pole Telescope (SPT) has systematically identified 81 high-redshift,
strongly gravitationally lensed, dusty star-forming galaxies (DSFGs) in a 2500 square
degree cosmological mm-wave survey. We present the final spectroscopic redshift survey
of this flux-limited (S870µm > 25 mJy) sample. The redshift survey was conducted with
the Atacama Large Millimeter/submillimeter Array across the 3 mm spectral window,
targeting carbon monoxide line emission. The SPT sample is now spectroscopically
complete, with redshifts spanning the range 1.9<z<6.9, with a median of z = 3.9±0.2.
We present the mm through far-infrared photometry and spectral energy density fits
for all sources, along with their inferred intrinsic properties.
Comparing the properties of the SPT sources to the unlensed DSFG population,
we demonstrate that the SPT-selected DSFGs represent the most extreme infrared-
luminous galaxies, even after accounting for strong gravitational lensing. The SPT
sources have a median star formation rate of 2.3(2) × 103 Myr−1 and a median dust
mass of 1.4(1) × 109 M. However, the inferred gas depletion timescales of the SPT
sources are comparable to those of unlensed DSFGs, once redshift is taken into account.
This SPT sample contains roughly half of the known spectroscopically confirmed DSFGs
at z>5, making this the largest sample of high-redshift DSFGs to-date, and enables us
to measure the “high-redshift tail” of the distribution of luminous DSFGs. Though
galaxy formation models struggle to account for the SPT redshift distribution, the
larger sample statistics from this complete and well-defined survey will help inform
future theoretical efforts.
Keywords: cosmology: observations — cosmology: early universe — galaxies: high-
redshift — galaxies: evolution — ISM: molecules
1. INTRODUCTION
Millimeter (mm) and sub-millimeter (sub-
mm) continuum observations have transformed
our understanding of galaxy formation and evo-
lution by demonstrating that luminous, dusty
galaxies were a thousand times more abundant
in the early Universe than they are today (see
reviews by Blain et al. 2002 and Casey et al.
2014). The most intense star formation in the
universe takes place in these high-redshift (z>1)
dusty star-forming galaxies (DSFGs), which
form new stars at rates of >100−1000 Myr−1
behind dense shrouds of dust. DSFGs are
thought to be the progenitors of the massive
elliptical galaxies seen in the present-day uni-
verse (Blain et al. 2004). The exact details of
∗ NHFP Hubble Fellow
how these galaxies form stars at such prodi-
gious rates is still an open question (Narayanan
et al. 2015), though galaxy mergers likely play
a role (e.g. Tacconi et al. 2008; Engel et al.
2010; Narayanan et al. 2010; Hayward et al.
2011; Bothwell et al. 2013; Hayward et al. 2013;
Ma et al. 2016). While the first surveys of the
redshift distributions of these DSFGs suggested
that the population peaks at z∼2 (Chapman
et al. 2003, 2005), modern redshift surveys sug-
gest that the DSFG population peaks at much
higher redshifts (2.5-2.9; Simpson et al. 2014;
da Cunha et al. 2015; Danielson et al. 2017;
Dudzevicˇiu¯te˙ et al. 2020). These updated sur-
veys are also finding objects at increasingly
higher redshift, extending past z>6 (e.g. Riech-
ers et al. 2013; Fudamoto et al. 2017; Strandet
et al. 2017; Zavala et al. 2018; Marrone et al.
2018). The presence of these extremely high-
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redshift DSFGs challenges our understanding of
the underlying distribution of these objects and
their role in the cosmic star formation history.
Dust emission at high redshift (z>1) exhibits
dimming from increased cosmological distance,
which is counteracted by a steep rise on the
Rayleigh-Jeans side of the spectral energy dis-
tribution (SED) at a fixed observing wave-
length, which leads to the so-called “negative
K-correction” in the sub-mm (Blain & Longair
1993). This effect enables a nearly redshift-
independent selection of DSFGs at mm and sub-
mm wavelengths. However, the dust-obscured
nature of DSFGs suppresses emission at opti-
cal/UV wavelengths, making robust redshifts
difficult to obtain, especially at high redshift.
Technological advances in correlator bandwidth
have enabled “blind” spectroscopic surveys to
be conducted at facilities such as the Atacama
Large Millimeter/submillimeter Array (ALMA)
and the Plateau de Bure Interferometer (PdBI).
These spectroscopic surveys search for molec-
ular emission at millimeter wavelengths and
can be conducted without prior optical/near-IR
spectroscopy. Because the molecular emission
can be unambiguously related to the continuum
emission, these surveys provide a direct and
unbiased way to derive the redshifts of DSFGs
(e.g. Scott et al. 2011; Weiß et al. 2009). Car-
bon monoxide (CO) is the second most abun-
dant molecule in the Universe after H2 and its
rotational transitions are frequently targeted in
blind searches. These rotational transitions are
spaced evenly every 115 GHz and are among
the brightest lines in the millimeter spectrum.
The CO line brightness is due to both its abun-
dance and the molecule’s large dipole moment.
The low energy required to excite its rotational
states, and the fact that the resulting emission
lines are accessible at frequencies of high at-
mospheric transmission make it ideal for line
surveys with ALMA.
One of the first millimeter wave redshift
searches with ALMA identified the redshifts of
26 gravitationally lensed DSFGs selected with
the South Pole Telescope (SPT; Vieira et al.
2013; Weiß et al. 2013). Because gravitation-
ally lensed sources (with magnifications µ∼10)
are apparently brighter than unlensed sources,
they require significantly less on-source time to
survey (tobs ∝ µ−2). Blind CO surveys can be
conducted with comparative ease and enable
larger spectroscopic surveys (Weiß et al. 2013;
Strandet et al. 2016; Neri et al. 2020). While
some unlensed blind CO surveys have been con-
ducted (Chapman et al. 2015), the majority of
unlensed redshifts were obtained through op-
tical spectroscopic searches (Chapman et al.
2003, 2005; Casey 2012; Koprowski et al. 2014;
Danielson et al. 2017; Brisbin et al. 2017) or
photometry (Simpson et al. 2014; Simpson et al.
2017; Micha lowski et al. 2017) and peak at a
lower redshift (z∼2.3−2.9). The discrepancy
between the peaks of unlensed and lensed distri-
butions can be explained by the combination of
the selection wavelength, survey depth, and the
redshift-dependent probability of strong lens-
ing (e.g. Be´thermin et al. 2015a; Strandet et al.
2016).
Wide-area surveys conducted with the At-
acama Cosmology Telescope (ATCA; Mars-
den et al. 2014), Herschel (Eales et al. 2010),
Planck (Planck Collaboration et al. 2015), and
the SPT (Carlstrom et al. 2011; Vieira et al.
2010, 2013) span hundreds to thousands of
square degrees and have enabled the discovery
of hundreds of gravitationally lensed DSFGs at
millimeter and sub-millimeter wavelengths. For
DSFGs at high-redshift, the rest-wavelength
peak in the spectral energy distribution (SED)
at ∼100µm is shifted into the observing bands
of these mm and sub-mm instruments. Most of
the brighter sources are gravitationally lensed
as well (e.g. Blain 1996; Negrello et al. 2010;
Wardlow et al. 2013; Spilker et al. 2016). The
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few intrinsically bright unlensed sources in these
samples are typically major mergers of DSFGs
(e.g. Fu et al. 2013; Ivison et al. 2013) or proto-
clusters (e.g. Overzier 2016; Casey 2016; Miller
et al. 2018; Oteo et al. 2018; Lewis et al. 2018;
Hill et al. 2020). The magnification due to
gravitational lensing enables us to obtain spec-
troscopic redshifts for a complete sample of
DSFGs, measure the redshift distribution of
DSFGs, and ascertain the prevalence of the
highest-redshift DSFGs. Samples of lensed DS-
FGs also afford the opportunity to study fainter
observational diagnostics, in greater detail, than
would otherwise be possible (e.g. Bothwell et al.
2017; Be´thermin et al. 2018; Spilker et al. 2018;
Zhang et al. 2018; Litke et al. 2019; Dong et al.
2019; Jarugula et al. 2019; Cunningham et al.
2020).
In this paper, we finalize the SPT-selected
ALMA redshift survey, which started in Weiß
et al. (2013) and continued in Strandet et al.
(2016). The final catalog contains spectroscopic
redshifts for all sources, making it the largest
and most complete catalog of its kind to date.
In Sec. 2, we present the 3 mm line scans ob-
tained from ALMA (Sec. 2.2). We also present
the photometry from SPT, ALMA, APEX, and
Herschel (Sec. 2.3.1). In Sec. 2.3.2, we present
a methodology for fitting spectral energy dis-
tributions (SEDs) and deriving intrinsic source
properties. Section 3 is divided into two parts:
spectroscopic results (Sec. 3.1) and photometric
results (Sec. 3.2). In Sec. 3.1, we present the
3 mm spectra and the resulting spectroscopic
redshifts. In Sec. 3.2, we describe the fitted
SEDs and the resulting intrinsic properties. In
Sec. 4, we discuss the redshift distribution of
the complete SPT sample (Sec. 4.1), the pos-
sibility of temperature evolution (Sec. 4.2), the
extreme nature of the SPT sources (Sec. 4.3)
and the resulting high redshift tail of this dis-
tribution (Sec. 4.4).
For this paper, we adopt a flat ΛCDM cosmol-
ogy, with ΩΛ=0.696 andH0 = 68.1 kms
−1Mpc−1
(Planck Collaboration et al. 2016).
2. OBSERVATIONS AND METHODS
2.1. Sample selection
The SPT-selected DSFG catalog is a flux-
limited sample comprised of 81 bright sources,
selected at 1.4 mm from the 2500 deg2 of the
SPT-SZ survey (Vieira et al. 2010; Mocanu et al.
2013; Everett et al. 2020). The sources were
selected with S1.4 mm>20 mJy, corresponding to
a signal to noise ratio of >4.5. The relatively
coarse SPT positions (beam size of 1′.05 at
1.4 mm) were refined with observations with the
Large Apex BOlometer CAmera (LABOCA) at
870µm (Siringo et al. 2009). Given the smaller
beam size (20′′) and higher signal-to-noise ra-
tio (typically ∼2.5 higher) with the LABOCA
observations, a final flux density cut was per-
formed to select sources with S870µm>25 mJy.
The complete source catalog and their positions
are detailed in Ap. A.
The spectroscopic survey of the SPT sample
presented here is complete for S870µm>25 mJy.
The 1.4 mm SPT and S870µm LABOCA fluxes
of the final sample are shown in Fig. 1. The
S350µm/S870µm color can be used as a rough in-
dicator of redshift, shown in the right panel of
Fig. 1, assuming a constant dust temperature
of 50 K (see Sec. 3.2.1 for details). Due to their
extreme brightness, most of the sources were
suspected to be gravitationally lensed by fore-
ground galaxies, groups, or clusters (Negrello
et al. 2007). High resolution 870µm observa-
tions (Hezaveh et al. 2013; Spilker et al. 2016)
confirmed this hypothesis and yielded a median
magnification of
〈
µ870µm
〉
=6.3.
2.2. Spectroscopic Observations
2.2.1. ALMA 3 mm blind scans
In order to obtain redshifts for the SPT
sample, a blind spectroscopic redshift search
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Figure 1. Flux density and color plots for all sources in the SPT-selected DSFG catalog, with 26 sources
from Weiß et al. (2013) (blue), 15 sources from Strandet et al. (2016) (black) and the remaining 40 sources
from this work (red). Left: APEX/LABOCA 870µm flux density versus the SPT 1.4 mm flux selection. The
initial selection included sources with a signal-to-noise ratio of 4.5, and were followed up with LABOCA. The
sample is defined such that sources have S870µm>25 mJy, represented by the grey hatched region. Sources
below the S870µm flux selection were not retained in the final sample. Right: The APEX/LABOCA 870µm
flux density versus the ratio of the Herschel/SPIRE 350µm flux density to APEX/LABOCA 870µm flux
density. The S350µm/S870µm color corresponds to Tdust/(1 + z). At a fixed Tdust, this color can be used as
a crude proxy for redshift.
was started in ALMA cycle 0 (project ID:
2011.0.00957.S). This program resulted in a
90% line detection rate for the 26 sources sur-
veyed (Weiß et al. 2013). An updated distribu-
tion was presented in Strandet et al. (2016)
with an additional 15 sources (project ID:
2012.1.00844.S). This work represents the con-
clusion of the SPT blind redshift survey, and
presents spectroscopic scans for the remaining
sources from ALMA cycles 3, 4 and 7. The
individual 3 mm scans can be found in Ap. B.
The blind spectroscopic search was conducted
using ALMA’s band 3 receiver, which operates
between 84− 116 GHz. The correlator has a to-
tal bandwidth of 7.5 GHz, which is split across
two side bands. The entire 3 mm atmospheric
transmission window can be covered in five tun-
ings, as shown in the left panel of Fig. 2. This
configuration results in overlapping coverage in
the 96.2−102.8 GHz region. Fig. 2 also demon-
strates this search’s sensitivity to CO lines be-
tween the CO(1 – 0) and CO(7 – 6) transi-
tions. Scanning this region results in redshift
coverage of 0.0<z<0.4 and 1.0<z< 8.6 with a
narrow redshift desert at 1.74<z<2.00. Given
the scanned frequency range, ALMA’s primary
beam ranges from 45′′ − 61′′.
The cycle 3 ALMA observations were con-
ducted from December 2015 - August 2016
(project ID: 2015.1.00504.S). During cycle 3,
between 34 and 41 antennas were employed,
and resulted in typical synthesized beams of
3.9′′×4.7′′ to 3.3′′×4.1′′ (FWHM) from the low
to high frequency ends of the band. Each tar-
get was observed for 61 − 91 seconds in each
tuning, or roughly 6 minutes on-source for each
source. Typical system temperatures were mea-
sured to be Tsys = 55 − 84 K. Flux calibration
was performed on Uranus, Neptune, Ganymede,
J0519-4546, and J0538-4405. Bandpass and
phase calibration were determined from nearby
quasars.
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The cycle 4 observations were conducted
from November 2016 - May 2017 (project ID:
2016.1.00672.S). In cycle 4, each scan uti-
lized between 38 and 46 antennas, resulting
in typical synthesized beams of 4.1′′ × 5.0′′ to
3.5′′ × 4.3′′ (FWHM) from the low to high fre-
quency ends of the band. Each target was
observed for ∼12 − 15 minutes on-source for
each source, not including overheads. Typ-
ical system temperatures were measured to
be Tsys = 60 − 89 K. Flux calibration was
performed on Mars, Uranus, Neptune, J0334-
4008, J0538-4405, J2056-4714, and J0519-4546.
Bandpass and phase calibration were deter-
mined from nearby quasars.
Because a total of three sources did not exhibit
lines in their initial 3 mm line scans (SPT0112-
55, SPT0457-49 and SPT2340-59; more detail in
Sec. 3.1), additional deeper 3 mm scans for these
sources were conducted in cycle 7. These obser-
vations were conducted from November 2019 -
January 2020 (project ID: 2019.1.00486.S) with
the aim of observing possible line features with
fluxes of 1−2 mJy identified in the earlier scans.
Each scan utilized between 42 and 49 anten-
nas, resulting in minimum and maximum angu-
lar resolutions of 2.0′′−4.0′′ from the high to low
frequency ends of the observed band. Each tar-
get was observed for 45− 91 minutes on-source,
not including overheads. Typical system tem-
peratures were Tsys = 62 − 72 K. Flux calibra-
tion was performed on J0006-0623, J0519-4546
and J0238+1636. Bandpass and phase calibra-
tion were determined from nearby quasars.
The data were processed using the Common
Astronomy Software Application (CASA; Mc-
Mullin et al. 2007; Petry et al. 2012). Cal-
ibrated data cubes were constructed using
CASA’s TCLEAN package. The cubes have a
channel width of 62.5 MHz (∼220 kms−1). Ob-
servations from cycle 3 had a typical noise per
channel of 0.5−0.8 mJy/beam. The TCLEANed
continuum images have typical noise levels of
50µJy/beam. The sources observed in cycle
4 had a typical noise per channel decreased
to 0.4 − 0.6 mJy/beam. The TCLEANed con-
tinuum images from cycle 4 had typical noise
levels of 40µJy/beam. Finally, the TCLEANed
continuum images for the three sources re-
observed in cycle 7 had typical noise levels of
10− 70µJy/beam and a typical noise per chan-
nel of 0.2− 0.3 mJy/beam.
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Figure 2. Spectral coverage of the important CO,
[CI], and H2O emission lines as a function of red-
shift. The darker teal shaded region designates the
redshift range in which two or more strong lines are
expected to be detected, which would provide an
unambiguous redshift for a given observation. The
lighter teal region marks redshift range where only
a single line is detectable, and an ancillary spectro-
scopic observation or photometric redshift would be
required to identify the correct redshift. The five
frequency tunings used in the 3 mm line scans are
shown in the left panel.
2.2.2. Additional Spectroscopic Observations
Because many observations from the blind
3 mm line scans described in Sec. 2.2 contain
single CO lines, additional observations were
required in order to break degeneracies between
redshift solutions and obtain unambiguous spec-
troscopic redshifts. The First Light APEX
Submillimetre Heterodyne receiver (FLASH,
Heyminck et al. 2006) was used to conduct a
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survey of the [CII] emission line. A subset of
these observations were published in Gullberg
et al. (2015) and new [CII] observations were
used to confirm four spectroscopic redshifts in
this work. An additional 13 redshifts were con-
firmed through targeted CO line searches in
the ALMA 2 mm band. Finally, the Australia
Telescope Compact Array (ATCA) was used
to conduct a survey of CO(1-0) and CO(2-1)
and confirmed a subset of observations (Ar-
avena et al. 2016). One of these observations
was obtained after the publication of Aravena
et al. (2016) is used to confirm one additional
redshift in this work. The details for all of
these observations can be found in Ap. C. Of
the spectroscopic redshifts presented, only two
are based on a single line and are still awaiting
additional observations to confirm the redshift.
2.3. Photometry and SED Fitting
2.3.1. Photometry
The SPT DSFGs have superb FIR–mm pho-
tometric coverage, with flux densities mea-
sured at 3 mm (ALMA), 2 mm, 1.4 mm (SPT),
870µm (APEX/LABOCA), 500µm, 350µm,
and 250µm (Herschel/SPIRE) for all sources.
Additional Herschel/PACS 160µm and 100µm
observations were obtained for a subset of 65
sources. Despite the large range in redshifts
(1.9<z<6.9), the photometry is complete be-
tween 71µm<λrest<380µm, and the peak of
the FIR SED at ∼100µm is always well con-
strained. The flux densities for all photomet-
ric points can be found in Ap. D. The abso-
lute calibration uncertainties of 10% for Her-
schel/PACS, 7% for Herschel/SPIRE data,
12% for APEX/LABOCA, 7% for SPT, and
10% for ALMA data added in quadrature to
the errors quoted in Ap. D.
ALMA —The ALMA 3 mm continuum maps
were obtained as a result of the observa-
tions described in Sec. 2.2.1. The continuum
images were created using CASA’s TCLEAN
procedure with the full observed bandwidth
(84.2−114.9 GHz) with natural weighting in
order to optimize sensitivity. In cases where
the source is unresolved, meaning >90% of the
total flux detected was contained within one
beam, we extract flux from the brightest pixel
detected from the continuum to obtain a spec-
trum. The error on flux density was calculated
using the RMS of the residual map produced
by the TCLEAN procedure. However, half of the
SPT-selected sources are marginally resolved
(> 80% of the source’s flux is contained within
one beam). In order to obtain spectra for these
sources, CASA’s imfit routine is used to fit
a 2D Gaussian to the source in each datacube
slice and extract the flux and associated error.
SPT —The SPT 1.4 mm and 2.0 mm flux den-
sities were extracted from CMB maps acquired
from the first survey, SPT-SZ. This survey
was completed in November 2011 and covered
2500 deg2 of the southern sky in three frequency
bands, 95, 150, and 220 GHz (corresponding
to 3.2, 2.0 and 1.4 mm, respectively) with ar-
cminute angular resolution. Absolute calibra-
tion for both the 1.4 and 2.0 mm bands is de-
rived from the CMB and the calibration uncer-
tainty is /10%. The data were extracted and
deboosted according to the procedure described
in Everett et al. (2020).
APEX —The flux densities observed at 870µm
were performed with LABOCA at APEX.
LABOCA is a 295-element bolometer array
with an 11.4′ field-of-view and a measured an-
gular resolution of 19.7′′ (FWHM). The center
frequency of LABOCA is 345 GHz (870µm)
with a passband FWHM of ∼ 60 GHz. The
measured noise performance for these obser-
vations was 60 mJy s1/2. These observations
were performed between September 2010 and
October 2013 (project IDs: M-085.F-0008-
2010, M-087.F-0015-2011, E-087.A-0968B-2011,
M-089.F-0009-2012, E-089.A-0906A-2012, M-
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091.F-0031-2013, E-091.A-0835B-2013, M-092.F-
0021-2013). For more details on the observa-
tions, see Strandet et al. (2016).
APEX/LABOCA maps were created for each
source using the Bolometer Array analysis soft-
ware (BoA; Schuller et al. 2010). The result-
ing time-ordered data undergo various calibra-
tion, noise removal, and flagging procedures de-
tailed fully in Greve et al. (2012). The data is
then gridded and individual maps are co-added
with inverse variance weighting. The flux den-
sities were either extracted from the peak flux
density, in case of point-like sources or by inte-
grating over the emission region, in cases where
LABOCA resolves the emission.
Herschel/SPIRE —Flux densities at 250µm,
350µm and 500µm for all sources were mea-
sured by the Spectral and Photometric Imag-
ing Receiver (SPIRE) (Griffin et al. 2010) on-
board the Herschel Space Observatory. The
data were observed in two programs (project
IDs: OT1 jvieira 4 and OT2 jvieira 5) con-
ducted between August 2012 to March 2013.
The Herschel/SPIRE data consists of triple
repetition maps, with coverage complete to a
radius of 5′ from the nominal SPT position.
The maps were produced using the standard
reduction pipeline HIPE v9.0. Flux densities
were extracted by fitting a Gaussian profile to
the SPIRE counterpart of the SPT detection
and the noise was estimated by taking the RMS
in the central 5′ of the map.
Herschel/PACS —Additional data were ob-
tained for a subsample of 65 sources at 100 and
160µm using the Photodetector Array Cam-
era & Spectrometer (PACS) onboard Herschel
(project IDs: OT1 jvieira 4, OT1 dmarrone 1,
OT2 jvieira 5 and DDT mstrande 1). The ad-
ditional data ensures that the thermal peak
is well-sampled and is complete for z<2.5.
The data were acquired using approximately
orthogonal scans centered on the target at
medium speed (i.e., with the telescope tracking
at 20′s−1), spending a total of 180 s on source
per program. Each scan was composed of ten
separate 3′ strips, each offset orthogonally by 4′′
and both wavelengths were observed simultane-
ously. The scans were co-added and weighted
by coverage. The data were then handled by
a variant of the reduction pipeline presented
in Ibar et al. (2010). The resulting noise levels
were calculated using random aperture pho-
tometry and were found to be σ≈4 and 7 mJy
at 100 and 160µm respectively. Flux densities
were extracted by fitting a Gaussian profile to
the SPIRE counterpart of the SPT detection
and the noise was estimated by taking the RMS
in the central 5′ of the map.
2.3.2. SED Fitting
We fit each source in each sample with a modi-
fied blackbody law (e.g. Blain et al. 2003; Casey
2012) given by
fν ∝
[
1−exp(−ν/ν0)β]
][
Bν(Tdust)−Bν(TCMB)
]
(1)
where Bν is the Planck function for a value of
Tdust or the CMB temperature, TCMB. In order
to reduce the number of free parameters and
mitigate the degeneracies between redshift and
Tdust, we fix the Rayleigh-Jeans spectral slope,
β. Empirically, the value β=2 was well-matched
to the data, so we fix this parameter for our
modified blackbody fits in a similar fashion to
what was done in Greve et al. (2012). However,
rather than fix ν0≈3000 GHz (λ0≈100µm), we
use the empirical relationship between λ0 and
Tdust given in Eq. 2 of Spilker et al. (2016) to
constrain λ0. Using this relation provides a bet-
ter alternative to assuming a single value for
λ0 when an independent estimate of the size of
the emission region is not available. We find
that the introduction of this dependency be-
tween Tdust and λ0 improves both the reduced
χ2 value and photometric redshift. It should
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be noted, however, that this procedure tends to
increase the value of the dust temperature by
∼20%. The only free parameters in this SED
fit are the overall SED normalization, dust tem-
perature, and redshift.
Because a modified blackbody fit alone does
not typically describe the mid-IR excess found
in the Wien side (< λrest=50µm) of the thermal
emission peak, we perform another fit including
an additional power law component (Blain et al.
2003). The power law component introduces
another free parameter, α, which is the power
law slope. The combined modified blackbody
and power law fit empirically describes all of the
available photometry, including the data on the
Wien side of the thermal emission peak. In this
work, we use this SED fit to define the frequency
at which thermal emission peaks, λpeak, obtain
a best fit to β for the Md calculation, and to
determine total LIR.
In order to fit the data, we employ a Markov
Chain Monte Carlo (MCMC) algorithm using
the emcee package (Foreman-Mackey et al.
2013) to sample the posterior probability func-
tion. To ensure uniform photometric coverage
in the fit region, we mask data shortward of
λrest=50µm (Greve et al. 2012) for the modi-
fied blackbody fits. Fitting done with an addi-
tional power law included all available photom-
etry points. The results of this fitting procedure
are described in Sec. 3.2.
2.3.3. Calculating Intrinsic Source Properties
In this section, we describe the intrinsic source
properties, which are calculated using the SED
fits. Because we constrain λ0 as a function of
Tdust (as described in Sec. 2.3.2), we are able to
better understand the Tdust distribution of the
sample. The apparent FIR luminosity (LFIR)
is calculated by integrating the fitted SED over
the wavelength range 42.5 − 122.5µm (Helou
et al. 1988). In order to obtain the IR luminos-
ity (LIR), we integrate the modified blackbody
function with an additional power law over the
8− 1000µm range.
With FIR luminosity and Tdust values, we de-
rive star formation rates and dust masses for
each source. The dust masses are calculated ac-
cording to:
Md = µ
−1 D
2
LSν
(1 + z)κ(ν)
[Bνr(Td)−Bνr(TCMB(z))]−1
(2)
where Sν is the flux density at 345 GHz in
the rest frame, determined from our SED
fit. DL is defined as the luminosity distance,
TCMB(z) is the cosmic microwave background
temperature at redshift z, and µ is the mag-
nification factor. We adopt κ(ν)/m2kg−1 =
0.015 × (νr/250 GHz)β (Weingartner & Draine
2001; Dunne et al. 2003), where β=2.0 is the
dust emissivity index. The calculated dust
masses are corrected using the magnifications
presented in Spilker et al. (2016), when avail-
able. For the 34 sources without lens models,
the median magnification (
〈
µ870µm
〉
=6.3) of the
modeled sources is adopted.
To derive total star formation rates (SFR), we
use the following conversion from Murphy et al.
(2011):
SFR
M yr−1
= 1.49× 10−10µ−1 LIR[8− 1000µm]
L
(3)
where the infrared luminosity, LIR, is calculated
from the 8 − 1000µm range using the mod-
ified blackbody fit with an additional power
law to describe the mid-IR excess. This con-
version was calculated using Starburst99 (Lei-
therer et al. 1999) for a Kroupa initial mass
function (Kroupa 2001).
3. RESULTS
3.1. Spectroscopy Results
Building on the work of Weiß et al. (2013)
and Strandet et al. (2016), the final SPT-
selected DSFG sample is composed of 81
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sources. We have obtained spectroscopic red-
shifts for the complete SPT-selected sample,
making our catalog the largest and most com-
plete redshift survey of high redshift DSFGs to
date. We begin by presenting the final blind
3 mm CO line scans obtained by ALMA and
the resulting spectroscopic redshifts. For the
cases where only a single CO line was de-
tected, we discuss any ancillary spectroscopic
data used to confirm the redshift in Ap. C.4.
We also discuss the three 3 mm spectra where
no spectroscopic lines were present in the initial
3 mm scans. These sources were re-observed
and deeper scans enabled secure redshifts to
be obtained. Finally, we discuss the two sin-
gle line spectra where no ancillary data has yet
been obtained, and discuss the most probable
redshift.
All of the SPT-selected DSFG spectra, in-
cluding those originally published in Weiß et al.
(2013) and Strandet et al. (2016), are summa-
rized in Fig. 3. A complete summary of the
spectroscopic lines detected for each source can
be found in Ap. E. In this work, we detect 62
strong line features from 12CO and [CI] with
integrated SNR >5σ. We detect an additional
29 weaker features (>3σ), which include HCN,
HCO+, H2O,
13CO, and CN.
We detect 3 mm continuum emission for all
the 40 previously unpublished SPT-selected DS-
FGs presented in this work. The positions for
these sources were obtained by fitting Gaussian
profiles to the ALMA 3 mm data and listed in
Ap. A. The continuum flux densities were also
obtained in these fits and are given with the
other photometric observations in Ap. D.
3.1.1. Unambiguous Cases
We detect two or more line features in the
3 mm spectra for ∼ 46% of the SPT-selected
catalog. Because of the unique distances be-
tween the CO rotational states, these redshifts
can be related to rest frame spectra unambigu-
ously. The redshifts are derived by averag-
ing the redshifts for individual line detections.
Because these line profiles were fitted using a
Markov-Chain Monte Carlo (MCMC) to sam-
ple to posterior probability, the values differ
slightly from the values published in Weiß et al.
(2013), Strandet et al. (2016) and Strandet et al.
(2017). However, the redshifts with previously
published values differ at the < .1% level and
agree within their stated error bars. Tab. E.1
summarizes all of detected line features for the
full SPT DSFG catalog and their derived red-
shifts.
3.1.2. Single Line Detections
Spectroscopic redshifts can also be calculated
from spectra with a single line feature. How-
ever, such redshifts have multiple degenerate so-
lutions, as the observed transition cannot be un-
ambiguously identified. Ancillary spectroscopic
observations are required in order to break the
degeneracy. Line scans specifically targeting
CO transitions and [CII] at the expected red-
shift solutions have been obtained with ALMA,
APEX and ATCA. These observations are de-
scribed in detail in Ap. C and are used in order
to confirm an additional 15 redshifts. Any an-
cillary data obtained is noted in the comments
section of Tab. E.1.
However, there are still two sources (SPT0150-
59 and SPT0314-44) with a single 3 mm feature
that do not yet have any associated ancillary
spectroscopy. These sources are identified in
Tab. E.1 as the bolded sources. In both cases,
these spectra cannot result from CO transitions
of J=4-3 or higher because these lines would
be accompanied by another line within the ob-
serving band (see Fig. 2). For more detail, see
Sec. 3.2.1. Additionally, we can use the avail-
able photometry to determine the most prob-
able redshift solution. Both methods indicate
that CO(3-2) is the most probable identifica-
tion, but follow up spectroscopy is needed for
redshift confirmation.
Complete redshift distribution of SPT galaxies 11
CO
(3
-2
)
CO
(4
-3
)
CO
(5
-4
)
CO
(6
-5
)
CO
(7
-6
)
[C
I](
1-
0)
SPT2354-58 1.867SPT0452-50 2.010
SPT0611-55 2.026SPT0512-59 2.233
SPT0002-52 2.351SPT2031-51 2.452
SPT0604-64 2.481SPT2311-45 2.507
SPT0125-47 2.515SPT0402-45 2.683
SPT0625-58 2.727SPT2134-50 2.780
SPT0150-59 2.788SPT2349-50 2.876
SPT2232-61 2.894SPT0314-44 2.934
SPT2357-51 3.070SPT0103-45 3.090
SPT0550-53 3.128SPT2316-50 3.141
SPT2101-60 3.155SPT0551-50 3.164
SPT0226-45 3.233SPT2129-57 3.260
SPT0652-55 3.347SPT0529-54 3.368
SPT0532-50 3.399SPT0516-59 3.404
SPT0112-55 3.443SPT0027-50 3.444
SPT0300-46 3.595SPT0109-47 3.614
SPT2147-50 3.760SPT0520-53 3.779
SPT2152-40 3.851SPT0436-40 3.852
SPT2340-59 3.862SPT2349-52 3.900
SPT0125-50 3.957SPT0457-49 3.987
SPT2037-65 3.998SPT0403-58 4.056
SPT2048-55 4.090SPT0020-51 4.123
SPT0418-47 4.225SPT0113-46 4.233
SPT0544-40 4.269SPT2311-54 4.280
SPT0345-47 4.296SPT0136-63 4.299
SPT2349-56 4.302SPT0155-62 4.349
SPT2103-60 4.436SPT0552-42 4.438
SPT0441-46 4.480SPT0319-47 4.510
SPT2146-55 4.567SPT0528-53 4.737
SPT2335-53 4.755SPT2132-58 4.768
SPT0459-59 4.799SPT0147-64 4.803
SPT0555-62 4.815SPT0459-58 4.856
SPT0054-41 4.877SPT0106-64 4.910
SPT0202-61 5.018SPT0425-40 5.135
SPT2203-41 5.194SPT2319-55 5.293
SPT0553-50 5.323SPT2353-50 5.578
SPT0245-63 5.626SPT0348-62 5.654
SPT0346-52 5.655SPT0243-49 5.702
SPT2351-57 5.811SPT0311-58 6.901
200 300 400 500 600 700 800 900
Rest Frequency [GHz]
S
 [m
Jy
]
Figure 3. Top panel: All obtained ALMA 3 mm spectra in the rest frame, with the associated redshift
shown on the right of each spectrum. Not shown: three DSFGs which do not have ALMA 3 mm data, but
were confirmed through other programs (SPT0538-50, SPT0551-48, SPT2332-53) and published in Greve
et al. (2012) and Strandet et al. (2016). By performing a 1.4 mm flux-weighted average of the observed
continuum-subtracted rest frame spectra, we obtain the composite spectrum presented in the bottom panel.
This was first done in Spilker et al. (2014), but has been updated to include the final SPT-selected sample.
3.1.3. No Line Detections
Combining the results from our two previous
redshift papers, there are three sources where
no line could be identified in the 3 mm win-
dow: SPT0128-51, SPT0457-49 and SPT2344-
51. In this work, we find one additional source,
SPT0112-55, where we do not detect a line
in our initially shallow band 3 observations.
SPT0128-51 and SPT2344-51 failed to meet
our S870µm > 25 mJy cut and are not re-
tained in the final flux-limited sample. We
obtained deeper 3 mm scans in ALMA cycle
7 for SPT0112-55 and SPT0457-49. We also
re-observed SPT2340-59, which was originally
published with a tentative single line detec-
tion in Strandet et al. (2016) to secure its
redshift. All three showed > 5σ detections
of CO(4-3) and [CI](1-0) and the spectra are
shown in Fig. B.1. While SPT0112-55 does not
have obvious multiplicity, both SPT0457-49 and
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SPT2340-59 had flux split between two sources.
Optical imaging reveals that SPT2340-59 is al-
most certainly lensed, while SPT0457-49 is a
protocluster candidate.
3.1.4. Summary of Spectroscopic Results
In summary, all of the combined observational
efforts have yielded secure redshifts for the com-
plete flux-limited sample of 81 sources from the
2500 deg2 SPT survey. Of these, 79 sources
had multiple spectroscopic lines, detected either
solely from the 3 mm window or with ancillary
spectroscopic observations. Only two of the red-
shifts are based on a single line, but they have
no other possible redshift solution and agree
with our photometric redshift from the distri-
bution of dust temperatures. Altogether, this
is the largest and most complete collection of
spectroscopic redshifts for high-redshift DSFGs
obtained so far at mm wavelengths.
3.2. Photometric Results
In this section, we first discuss the results of
fitting the available photometry with the pro-
cedure outlined in Sec. 2.3.2. We present the
fits, along with the derived dust temperatures
and photometric redshifts in Sec. 3.2.1. With
the SED fits in hand, we calculate the intrinsic
source properties for the sample, and present
them in Sec. 3.2.2.
3.2.1. SED Fits, Dust Temperature and
Photometric Redshifts
More information can be obtained by fitting
the photometry using the process outlined in
Sec. 2.3.2. We first fit a modified blackbody to
the FIR thermal emission peak for rest wave-
lengths >50µm. We also fix the redshift pa-
rameter to the spectroscopic values obtained in
Sec. 3.1, shown in Fig. 4 in red. This model
describes the FIR thermal emission peak well,
with a median reduced χ2 value of 1.8. We also
perform another fit with an additional power
law component in order to fit the complete
LIRwavelength range (shown in Fig. 4 in blue),
which gives a median reduced χ2 of 0.7.
Sources with large χ2 values generally exhibit
a discrepancy between the 3 mm flux and the
value predicted by the modified blackbody. Be-
cause of the discrepancy in beam sizes between
ALMA and SPT, objects which are broken into
multiple components are sometimes below the
ALMA 3 mm detection threshold, leading to an
underestimation of the total 3 mm flux. Using
ALMA 870µm imaging (Spilker et al. 2016),
we verify that the source is split into multi-
ple components. In cases of multiple compo-
nents, the 3 mm point is then masked when fit-
ting the thermal emission peak. One of these
sources, SPT2349-56, has already been identi-
fied as a protocluster (Miller et al. 2018; Hill
et al. 2020). This discrepancy in 3 mm flux from
over-resolving the emission may be a good way
to separate unlensed protoclusters from lensed
DSFGs. The remaining sources are being in-
vestigated as potential protocluster candidates.
As previously stated, any photometry <50µm
in the rest frame was masked for the modified
blackbody fit. Any masked photometry points
are shown in Fig. 4 in grey.
By extracting a dust temperature from the
SED fit, a dust temperature probability distri-
bution was created by sampling each source’s
dust temperatures 103 times using a Monte
Carlo procedure, shown in Fig. 5. Though
the distribution peaks near Tdust=40 K, the me-
dian of the distribution is significantly higher
at Tdust=52.4±2.3K, with a tail extending past
∼100 K. Given the relationship between λ0 and
Tdust discussed in Sec. 2.3.2, the implied median
of the λ0 distribution is 155±7µm. These warm
dust temperatures suggest that there could be
a correlation between redshift and dust temper-
ature, which we discuss in Sec. 4.2.
Although spectroscopic redshifts have been
obtained for all sources, the photometric red-
shift can still be used in order to break degener-
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Figure 4. Spectral energy distribution fits for all 81 of the SPT-selected DSFGs. The modified blackbody
model (red) was fit by masking data shortward of λrest < 50µm, such that all sources have roughly uniform
photometric coverage and excess emission on the Wein side of the blackbody does not artificially drive the
dust temperature towards higher values. Sources which exhibit multiple components in 3 mm are fitted by
masking the 3 mm point. Any photometry points which were masked for the modified blackbody fit are
shown in grey. In order to account for the mid-IR excess, a power law can be added on to the modified
blackbody function (Blain et al. 2003) to better describe all available data (blue).
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Figure 5. The probability distribution of the dust
temperature for all sources in the SPT-DSFG sam-
ple. Though this probability distribution peaks at
40 K, the distribution is skewed towards warmer
sources. The median of this distribution is at 52.4 K
(solid line), with a tail extending well past 100 K.
The inner quartiles of the distribution are given by
the dashed lines.
ate redshift solutions in the case where a single
CO transition was detected, as well as inform
future spectroscopic and photometric surveys.
In order to find the photometric redshift, we
use the dust temperature distribution given in
Fig. 5 as a prior and simultaneously fit the Tdust
and redshift parameters. This method exhibits
good agreement with the spectroscopic redshift,
as seen in Fig. 6.
This photometric redshift fitting can also
be used to break degeneracies for the two
single 3 mm line sources (SPT0150-59 and
SPT0314-44). For a given degenerate redshift
solution, we fix the redshift parameter to that
solution and use the SED fitting procedure to
find the associated dust temperature. Using the
dust temperature distribution given in Fig. 5 as
a prior, we assign a likelihood of the source
being at each possible redshift solution (see
Ap. C.4 and Fig. C.5 for details). For both
single-line sources, CO(3-2) is the most prob-
able identification. If the detected line was in
fact the higher-J transition (e.g. CO(4-3)), an
additional CO line should have been detected.
Taken together, these two independent pieces
of evidence indicate that there is no ambiguity
in the redshift of these sources.
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Figure 6. Photometric redshift compared with
spectrosocpic redshift. We find good agreement
between photometric and spectroscopic redshifts,
with unity shown as the dashed line.
Though we are complete in spectroscopic red-
shifts, photometry provides insights that inform
future surveys. Because the SPT DSFGs have
excellent FIR-mm coverage, it is possible to
use single flux density ratios to obtain infor-
mation about the redshift. For instance, the
S350µm/S870µm ratio can be used as a rough
indicator of redshift. We find good agree-
ment between our catalog, Herschel/SPIRE
sources (Negrello et al. 2010; Conley et al. 2011;
Omont et al. 2011; Harris et al. 2012; Wardlow
et al. 2012; Bussmann et al. 2013; Gladders
et al. 2013; Riechers et al. 2013; Messias et al.
2014) and the redshifted SED of Arp220 (Silva
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et al. 1998), shown in Fig. 7. We perform a
maximum likelihood estimation assuming the
350 − 870µm flux density ratios for the Her-
schel/SPIRE and SPT sources can be described
by an exponential model with an extra Gaussian
variance term to account for intrinsic scatter.
We find the following exponential fit best de-
scribes the available data:
z = (5.55±0.3)− (4.55±0.2)× log10
(
S350µm
S870µm
)
(4)
which is shown with a 1σ limit in Fig. 7. In per-
forming this fit, we find an intrinsic logarithmic
scatter of 4.2± 1.1.
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Figure 7. The S350µm/S870µm color serves as a
rough indicator for redshift. The SPT catalog is
compared to Herschel/SPIRE sources and is well-
described by an exponential fit. The Arp220 colors
were obtained by artificially observing the Arp220
SED (Silva et al. 1998) for a range of redshifts.
3.2.2. Individual Source Properties
To demonstrate the extreme star-forming na-
ture of the SPT DSFGs, we compare our sources
to a flux-limited blank-field sample through-
out this work. The original LABOCA ECDFS
submillimetre survey (LESS) mapped the full
Extended Chandra Deep Field South (ECDFS;
Weiß et al. 2009). The survey area encompassed
0.5×0.5 deg2 and detected a total of 126 DS-
FGs above a significance level of 3.7σ. The in-
dividual source detections were followed up with
ALMA in cycle 0 and the sample was thus called
ALESS (Hodge et al. 2013; Swinbank et al.
2014). Photometry was obtained at 1.4 GHz,
870, 500, 350, 250 160, 100 and 70µm in or-
der to obtain the photometric redshifts (Swin-
bank et al. 2014). The MAGPHYS SED modeling
code was used to obtain photometric proper-
ties (da Cunha et al. 2015). Spectroscopic red-
shifts were also obtained for a subset of these
sources (Danielson et al. 2017). Because the
ALESS sample is complete for sufficiently bright
sources, we use it as an example of the classic
unlensed 850µm-selected DSFGs with a flux-
limited selection. Unless otherwise stated, the
same formalism used for the SPT analysis was
also applied to the ALESS sources throughout
this work.
The distributions of Tdust, apparent FIR lumi-
nosity, and redshift are shown for both the SPT
sample and the ALESS sample (da Cunha et al.
2015) in Fig. 8. The FIR luminosity and Tdust
values for both samples are derived from the
SED fitting procedure described in Sec. 2.3.2.
Because many of the ALESS sources do not
have robust FIR detections due to their rela-
tive faintness and the Herschel/SPIRE confu-
sion limit (Nguyen et al. 2010), their fitted SED
values have large associated uncertainties when
using the same SED fitting routine described in
Sec. 2.3.2. In the left panel of Fig. 8, the lensed
SPT sources are offset from the largely unlensed
ALESS sample, as expected from gravitational
lensing. Gravitational lensing randomly sam-
ples sources from the background and increases
the solid angle they subtend. This effect makes
the lensed sources appear more luminous at a
given Tdust than an unlensed source. It would
take a median magnification of ∼18 to make
the median apparent LFIR for the SPT sources
without lens models (3.88×1013 L) on average
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intrinsically identical to the median LFIR for the
ALESS sources (2.3(2)×1012 L).
On the right panel of Fig. 8, both samples
exhibit a roughly constant FIR luminosity as
a function of redshift, demonstrating the neg-
ative K-correction inherent in sub/mm surveys
of DSFGs. The approximate detection limits
for both surveys and the Herschel/SPIRE con-
fusion limit are also shown, assuming a stan-
dard template from Chary & Elbaz (2001).
These limits illustrate the importance of selec-
tion wavelength and survey depth on the resul-
tant redshift distribution of the sample. Though
SPT is only sensitive to the most luminous
sources, the detection threshold at the selection
wavelength of 1.4 mm corresponds to a decreas-
ing (apparent) luminosity at higher redshift.
This is in contrast to the selection curve for the
Herschel 500µm selection, which corresponds
to an increasing luminosity at higher redshift
because 500µm corresponds to rest wavelengths
near or beyond the peak of the dust SED at
higher redshifts.
In order to determine the intrinsic proper-
ties for each source, as in Fig. 9, lens models
are needed to calculate the magnification fac-
tor. Using the 47 SPT-DSFGs with lens mod-
els (Spilker et al. 2016), the magnification fac-
tors for individual sources are used to calcu-
late the intrinsic luminosity. For the 34 sources
without lens models, the median magnification
(
〈
µ870µm
〉
=6.3) is adopted. These magnifica-
tions were used to calculate the intrinsic FIR
luminosity, dust mass and SFR values, as de-
scribed in Sec. 2.3.3. All of the derived proper-
ties can be found in Ap. F.
The intrinsic dust masses and FIR lumi-
nosities are shown in Fig. 9 compared with
Tdust and redshift. We find that the SPT
sources have a median intrinsic dust mass of
1.4(1)×109 M, while ALESS sources have a
median of 7.4(9)×108 M. The median SPT
intrinsic luminosity is 7.1(5)×1012 L while
ALESS sources exhibit a lower median LFIR =
2.37(2)×1012 L. Thus, the SPT sources ex-
hibit both higher luminosities as well as dust
masses compared to the ALESS sources. These
results are discussed in detail in Sec. 4.3.
4. DISCUSSION
In this section, we begin by discussing the
complete spectroscopic redshift distribution in
Sec. 4.1, along with the various selection effects.
We explore the dust temperature evolution as a
function of redshift in Sec. 4.2. We then discuss
the extreme nature indicated by the intrinsic
source properties of the sample in Sec. 4.3. Fi-
nally, because our sample is at higher redshift
than most DSFG samples, we discuss the im-
plications for the space density of high redshift
DSFGs in Sec. 4.4.
4.1. Redshift Distribution
The redshift distribution of the full SPT-
DSFG sample is shown in Fig. 10. The me-
dian of this distribution is zmedian = 3.9 ± 0.2,
which is unchanged from the previously pub-
lished values of zmedian = 3.9 ± 0.4 from Stran-
det et al. (2016). Given that the new sources
presented in this work represent an effectively
random sampling of the original sample pub-
lished in Weiß et al. (2013) and Strandet et al.
(2016) (shown in Fig. 1), it was expected that
the median of the distribution would not shift
significantly. The final distribution peaks be-
tween 3<z<5, with a large fraction (76%) of
the sample at z > 3, shown in the top panel of
Fig. 10. The SPT sources peak at significantly
higher redshift than their unlensed counterparts
(z∼2.3−2.9; Simpson et al. 2014; Koprowski
et al. 2014; Miettinen et al. 2015; Danielson
et al. 2017; Simpson et al. 2017; Micha lowski
et al. 2017; Brisbin et al. 2017).
4.1.1. Sources with Multiplicity
Due to the large ('1′) beam size of the initial
SPT selection, the SPT-DSFG catalog contains
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Figure 8. Left: Apparent LFIR vs. Tdust for the unlensed ALESS sources (teal) presented in Swinbank
et al. (2014); Danielson et al. (2017) and the lensed SPT sources presented in this work (red). The offset
in LFIR between the lensed (SPT) and unlensed (ALESS) sources is due to gravitational magnification. It
should be noted that for many of the ALESS sources, the photometry is not well constrained, which is
reflected in the size of the associated error bars. Right: The FIR luminosity as a function of redshift for the
same sources. The teal, purple, and red curves represent the limiting FIR luminosity as a function of redshift
corresponding to: 3× the LESS limit (r.m.s. ∼1 mJy), 3× the SPIRE 500µm confusion limit (30 mJy), and
the 3σ SPT 2.0 mm survey limit (3.9 mJy), given the SED model of this paper and assuming a 35 K dust
temperature. Many of the sources discovered in the LESS survey split into multiple components, and were
treated as individual sources in the ALESS survey and consequently fall below the plotted LESS survey
limit. The SPT survey, with its longer wavelength selection, is more sensitive to sources at the highest
redshifts (z>5) than Herschel.
redshift bin dN/dz
1<z<2 1
2<z<3 18
3<z<4 25
4<z<5 25
5<z<6 11
6<z<7 1
Table 1. Empirical counts in each redshift bin for
the final SPT dN/dz distribution.
multiple sources which break up into multiple
individual galaxies at the same redshift when
observed at higher resolution (/1′). As previ-
ously discussed in Sec. 3.2, the differences be-
tween the ALMA and SPT beam sizes can re-
sult in over-resolving the emission, causing the
3 mm flux to be underestimated in SED fit-
ting. Though we treat these systems as individ-
ual DSFGs in this work, at least two of these
sources are known to break into multiple com-
ponents. SPT0311-58 (Strandet et al. 2016) was
shown in Marrone et al. (2018) to be composed
of two individual galaxies at z=6.900, a west-
ern source with an intrinsic LIR = 33× 1012L
and an eastern source with an intrinsic LIR =
4.6 × 1012L. SPT2349-56 is among the most
actively star-forming high-redshift protoclusters
known (Miller et al. 2018), and is composed of at
least 29 individual galaxies, six of which are at
LIR > 3× 1012L (Hill et al. 2020). Additional
APEX/LABOCA observations show SPT0348-
62, SPT0457-49, SPT0553-50, and SPT2335-
53, also have significant overdensities and lie
at high redshift (3<z<7, Wang et al. in prep.).
The multiplicities in these systems would poten-
tially change the overall shape of the observed
SPT-DSFG redshift distribution, favoring even
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dian redshifts of their respective samples. Bottom:
The cumulative source density as a function of red-
shift.
higher redshifts. For the purpose of simplicity
and homogeneity, we treat each of these systems
as a single source in this analysis.
4.1.2. Selection Effects
The two major selection effects that impact
our distribution are due to the long wavelength
selection (1.4 mm) and the high S870µm flux cut,
which selects almost exclusively gravitationally
lensed sources. Both of these effects are known
to bias a redshift distribution towards higher
redshifts. In this section, we compare the model
of Be´thermin et al. (2015a) with our observed
distribution. This model was selected because
it best described the distribution in Weiß et al.
(2013) and takes into account both selection
wavelength and lensing. These effects were
previously shown to account for the redshift
distribution for the subset of the SPT DSFG
sample published in Strandet et al. (2016) and
Be´thermin et al. (2015a). Some works (Blain
et al. 2002; Greve et al. 2008; da Cunha et al.
2013; Staguhn et al. 2014) suggest that the
CMB could make cold DSFGs at high redshifts
difficult to detect. However, since the SPT-
selected DSFGs are warm, with a median dust
temperature of Tdust= 52.4 K and minimum of
Tdust= 20.9 K, this effect only becomes relevant
at very high redshifts (z>6− 18).
In Fig. 10, we examine the effect of a long
wavelength selection on the observed redshift
distribution using the Be´thermin et al. (2015a)
model. By applying a different selection wave-
length on a realistic population of galaxies, we
see the median shift from z∼2.6 at 850µm to
z∼2.8 at 1.4 mm. A Kolmogorov-Smirnov (K-
S) test reveals that the observed SPT-DSFG
distribution is distinct from the modeled data
populations at levels of 7.7σ and 5.4σ for the
850µm and 1.4 mm wavelength selections, re-
spectively. Long wavelength selection alone
does not explain the difference between the
Be´thermin et al. (2015a) model and the ob-
served SPT data.
Based on models of the high redshift DSFG
population (e.g. Baugh et al. 2005; Lacey et al.
2010; Be´thermin et al. 2012b; Hayward et al.
2013; Be´thermin et al. 2017; Lagos et al.
2019; Lovell et al. 2020), very few sources
would be intrinsically bright enough to exceed
our adopted flux density threshold at 870µm
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(>25 mJy). Because of the high apparent lumi-
nosities, the SPT DSFG sample was expected
to consist almost solely of gravitationally lensed
sources (Blain 1996; Negrello et al. 2007). In-
deed, Spilker et al. (2016) concludes that ∼70%
of the sample is strongly lensed, while the re-
mainder of the sample is either weakly lensed
(.20%) or unlensed (.5%). Strong lensing
preferentially selects sources at high redshift, bi-
asing an intrinsic redshift distribution to higher
redshifts. The probability of sources at z<1.5
undergoing strong lensing is heavily suppressed
relative to sources at higher redshifts (z>4) (e.g.
Hezaveh & Holder 2011). The 1.4 mm lensed
model in Fig. 10 demonstrates the combined
effect of the lensing potential on the observed
redshift distribution and long wavelength selec-
tion. Though this model brings the median of
the Be´thermin et al. (2015a) mock catalog to
z∼3.2, the observed SPT DSFG redshift distri-
bution is still higher than this model and a KS
test rules it out at a level of 3.2σ. A possible
reason for discrepancy between the Be´thermin
et al. (2015a) model and the SPT redshift dis-
tribution is that the model was fit to data from
previous surveys, which typically peaked at
lower redshift. The original Be´thermin et al.
(2012b) model is based on the stellar mass func-
tion and evolution of the main sequence and
relies on SED template fitting. As these pa-
rameters become better constrained with more
observational data from the SPT catalog and
others, more realistic models will be possible in
the future.
The lensing analysis in Be´thermin et al.
(2015a) assumes that the sources do not un-
dergo significant size evolution over cosmic
time. Compact sources have a higher probabil-
ity of being highly magnified than more diffuse
sources (Hezaveh et al. 2012). Thus, size evolu-
tion verses redshift coupled with gravitational
lensing could potentially bias a redshift distri-
bution towards higher redshift, as discussed in
Weiß et al. (2013). The fitted values of LFIR and
Tdust can then be used to determine the effective
blackbody radius of the source via the modified
blackbody function (e.g. Eq. 1 of Spilker et al.
2016). The median effective blackbody radius
for SPT-selected DSFGs is 1.0±0.1 kpc, which
is consistent with the median radius found us-
ing lens modeling (1.04±0.07 kpc; Spilker et al.
2016). The sizes of the SPT DSFGs are also
compatible with the sizes (0.3−3 kpc) observed
in unlensed DSFGs (Ikarashi et al. 2015; Simp-
son et al. 2015; Hodge et al. 2016; Ikarashi
et al. 2017). None of these observations show
evidence of size evolution with redshift above
z>1.
4.2. Dust Temperature Evolution
With the first spectroscopically complete sam-
ple of DSFGs in hand and excellent FIR pho-
tometric coverage for all sources, we are now
in a position to investigate whether the typi-
cal FIR properties of DSFGs evolve with red-
shift. For example, observations of ‘normal’
star-forming galaxies (Magdis et al. 2012; Mag-
nelli et al. 2014) and backwards evolution mod-
eling (Be´thermin et al. 2012b; Schreiber et al.
2018) imply that higher redshift sources should
exhibit progressively warmer dust tempera-
tures. One possible explanation for this ef-
fect would be that Tdust is proportional to the
LIR/Mdust ratio, which is proportional to the
specific star formation rate (Narayanan et al.
2018; Liang et al. 2019; Ma et al. 2019). While
these studies focused on dust temperature evo-
lution in lower-SFR objects than our sample,
determining whether DSFGs show temperature
evolution has been difficult due to the highly
uncertain photometric redshifts, confusion lim-
its, and possible selection effects towards more
luminous (and therefore, potentially warmer)
galaxies in flux-limited surveys.
We examine this relationship by considering
the dust temperatures from Sec. 3.2.1 versus the
spectroscopic redshifts calculated in Sec. 3.1,
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Figure 11. Top: Fitting the dust temperature
distribution (blue) yields a non-zero linear slope.
Outliers (>2σ) are shown in grey, and removing
them does not appreciably change the fitted slope.
Binning the dust temperatures with bin widths z=1
also yields a linear dependence (yellow). Bottom:
Peak wavelength (λpeak) versus redshift. The wide
sampling of the SED makes the λpeak constraint in-
sensitive to the SED fitting procedure. The same
analysis was repeated and the evolution with red-
shift is weaker, but still produces a non-zero slope.
shown in Fig. 11. In order to fit the data, we
perform a maximum likelihood estimation as-
suming a linear model with an extra Gaussian
variance term to account for intrinsic scatter.
Using this method, the best fit line is given
in Fig. 11 as the dashed line, with a slope of
4.7±1.5 K. However, the fitted intrinsic scat-
ter is substantial (8.4±1.3 K). While there is
evidence of temperature evolution, the large
amount of intrinsic scatter implies the fit is
also consistent with very shallow to no evolu-
tion with redshift.
Performing a least squares fit without the
intrinsic scatter term will also give a non-
zero linear dependence. However, such a fit
is largely driven by the presence of significant
outliers (e.g. SPT0452-50 with Tdust=21 K and
SPT0346-52 with Tdust=79 K). One way to mit-
igate the presence of outliers in this approach
is to consider the binned temperature distribu-
tion. Sources were binned with a bin width of
∆z=1 and the median dust temperature was
adopted, with bootstrapped errors representing
the error on Tdust. Though fitting these points
again presents a positive slope of 1.9± 0.5 K/z,
a one-sided reduced χ2 test yields a p-value
of 0.275, which is not statistically significant
(<1σ). Moreover, hypothesis testing reveals
that a line with no slope (p-value =0.184) is
favored.
Since the dust temperature is highly sensitive
to the exact SED fit function, we also exam-
ine the rest frame λpeak. The wide sampling of
the SED makes the λpeak constraint insensitive
to the SED fitting function. The λpeak values
used were extracted by fitting a modified black-
body fit with an added power law (individual
fits shown in Fig. 4 in blue). Repeating the
linear fit with maximum likelihood estimation,
we find that λpeak also exhibits a non-zero slope
of −5.9±1.3µm/z. However, like dust temper-
ature, any evidence of evolution with redshift
is obscured by the 9.5±1.1µm intrinsic scatter.
Like dust temperature, the presence of outliers
(e.g. SPT0245-63, SPT0529-54 and SPT0452-
50) could affect the significance of a slope, so
we performed the same binned analysis. While
the binned medians yielded a negative slope
of −3±2µm/z, it again had a low significance
(<1σ).
Taken together, SPT sample’s dust temper-
ature and peak wavelengths show evidence of
the thermal emission peak evolving with red-
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shift, proportional to (1+z), though it is not
strong evidence. The intensely star forming na-
ture of our sample implies that our sources are
starburst galaxies. Unlike the ‘normal’ main
sequence galaxies, starbursts have been shown
to have almost constant radiation field intensi-
ties from z=0 to z∼2 (Be´thermin et al. 2015b;
Schreiber et al. 2018). However, recent obser-
vations of GN20 (Cortzen et al. 2020) suggest
that optically thick dust could obscure temper-
ature evolution in [CI] at high-redshift. While
it is possible that luminous starburst galaxies
could evolve in dust temperature versus red-
shift, strong evidence for temperature evolution
is obscured by the large scatter on Tdust.
4.3. SPT Sources are Extreme
ULIRGs/HyLIRGs
A consequence of modifying our SED fitting
function to have the optically thick transition
wavelength (λ0) vary as a function of dust tem-
perature is that the fitted dust temperatures
obtained are systematically higher than if λ0
was fixed to 100µm, as in Greve et al. (2012).
Fitting the ALESS photometry with this same
SED fit gives a median dust temperature of
Tdust=54±4 K. While this dust temperature is
significantly higher than what is commonly re-
ported for DSFGs, which typically range be-
tween 30−40 K (Chapman et al. 2005; Greve
et al. 2012; Swinbank et al. 2014; da Cunha
et al. 2015), this is consistent with the values
we obtain for the SPT DSFGs (Tdust=52±2 K).
We use the procedure outlined in Sec. 2.3.3
to calculate dust mass for the SPT sources and
show the demagnified, intrinsic values through-
out this section. Molecular gas mass was ob-
tained by assuming a constant gas-to-dust ratio
(taken to be 100; e.g. Casey et al. 2014). Be-
cause the FIR peak for the ALESS sample is not
always well-constrained, fitting the full IR range
as described in Sec. 2.3.2 is not always possi-
ble. We instead adopt the values derived from
MAGPHYS for comparison purposes (da Cunha
et al. 2015), which takes into account the avail-
able photometry, as detailed in (Swinbank et al.
2014). When a direct SED fit is possible, the
two methods produce results that agree within
the stated errors, with no bias. We derive a me-
dian SPT dust mass of 1.4×109 M, compared
with a median ALESS dust mass of 7.3×108 M.
This implies that the SPT-selected sources have
an order-of-magnitude higher dust reservoirs
than the ALESS sample, despite being earlier
in cosmic history (Fig. 9).
The SPT sources exhibit higher FIR luminosi-
ties than their unlensed analogs. SPT probes
relatively shallow depths (shown in Fig. 8) and
is only sensitive to the brightest, lensed sources.
These sources have apparent luminosities that
are an order of magnitude larger than unlensed
sources. However, even after correcting for the
gravitational magnification, the SPT luminosi-
ties range from 3.4−140×1012 L with a me-
dian of 7.1(5)×1012 L, compared to the me-
dian ALESS value of LFIR=2.3×1012 L. If the
median magnification of the SPT sources lack-
ing lens models was raised from 〈µ870µm〉=6.3 to
∼18, these discrepancies would also be resolved.
We find this possibility unlikely, however, as the
47 SPT sources with lens models from high reso-
lution ALMA imaging presented in Spilker et al.
(2016) were effectively drawn at random from
the larger SPT sample of 81 sources presented
here. Thus, SPT sources, in addition to being
strongly lensed, are also intrinsically more lumi-
nous than standard DSFGs found in blank-field
surveys.
Taking into account the full IR range of the
SED, we find a median LIR=1.5(1)×1013 L,
which corresponds to a median SFR of 2.3(2)×
103 Myr−1 for the SPT sample. Fig. 12 shows
the gas mass (derived from Mdust) verses SFR
(derived from LIR). The SPT sample exhibits a
correlation between the two quantities. By tak-
ing the ratio of gas mass to SFR, we calculate
the gas depletion times (τdepl) shown in Fig. 13.
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Figure 12. Gas mass versus SFR for the demagni-
fied SPT-selected sources and the ALESS sample.
Though the SPT-selected sources have comparable
amounts of gas mass to the ALESS sample, the
SPT sources also experience higher star formation
rates.
Because the magnification correction enters into
both the SFR and gas mass calculations in the
same way, it cancels out, assuming no differen-
tial magnification (Hezaveh et al. 2012). While
(τdepl) in ‘normal’ main sequence galaxies are
known to evolve with redshift (Saintonge et al.
2013; Genzel et al. 2015; Tacconi et al. 2018),
both the ALESS and SPT samples show compa-
rable depletion times below the main sequence.
We also find an evolution in τdepl with redshift,
which was already observed for main sequence
galaxies. Alternatively, this effect could also
be the result of a strong redshift evolution of
metallicity, with the highest redshift galaxies
being the most metal-poor. This would cause
an underestimation of gas mass, which would
also explain the lower depletion times. In or-
der to address this properly, however, we would
need stellar masses for our systems. Because of
the high-redshift dust obscured nature of these
sources, this requires the use of future facilities
such as the James Webb Space Telescope.
Though the dust temperatures of the SPT and
ALESS sources are similarly distributed, with
medians of Tdust=52(2) K and Tdust=54(4) K
respectively, SPT sources are on average more
luminous than their unlensed analogs, even af-
ter accounting for the gravitational lensing.
The simple blackbody relationship would im-
ply that these sources should exhibit simi-
lar luminosities, if they were the same sizes.
The SPT sources have a median radius of
1.0(1) kpc, while ALESS sources have a median
of 0.46(4) kpc. The higher intrinsic luminosi-
ties could therefore stem from larger sizes, as
discussed in Sec. 4.1.2. This fact, coupled with
the larger dust masses, implies that the SPT
sources could have larger gas reservoirs, which
is supported by their systematically higher dust
masses.
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Figure 13. Depletion time (τdepl) versus redshift
for the SPT-selected sample and ALESS sample.
The extreme properties of the SPT sample result
in short depletion times, which imply that the SPT
sources are experiencing a rapid burst of star forma-
tion. The typical main sequence values presented
in Saintonge et al. (2013) are shown in grey.
4.4. High-z Tail
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As previously discussed, 850µm-selected sam-
ples of DSFG from blank fields (e.g. Chapman
et al. 2005; Swinbank et al. 2014) peak at a lower
redshift than the SPT sample, typically between
z∼2.3−2.9. This discrepancy is attributed to
selection effects, as discussed in the previous
section (Sec. 4.1.2). While the SPT sample in-
cludes some sources equivalent to those selected
in the blank-field surveys, it also includes the
previously undiscovered high redshift and ex-
treme tail of DSFGs. In addition to discovering
the highest redshift DSFG to-date (SPT0311-
58; Strandet et al. 2017; Marrone et al. 2017),
the SPT DSFG catalog also contains roughly
half of the z>5 DSFGs discovered (Oteo et al.
2017; Asboth et al. 2016; Walter et al. 2012;
Rawle et al. 2014; Riechers et al. 2013; Dowell
et al. 2014; Strandet et al. 2017; Riechers et al.
2014; Riechers et al. 2017; Pavesi et al. 2018; Jin
et al. 2019; Fudamoto et al. 2017; Zavala et al.
2018; Riechers et al. 2020).
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Figure 14. Intrinsic luminosity as a function
of redshift for DSFGs from SPT and ALESS.
SPT sources are demagnified using lens models
from Spilker et al. (2016) where available. The
dashed horizontal line represents the LFIR above
which the SPT and ALESS samples are complete,
while the vertical lines correspond to 2.5<z<3.5,
where the surveys have equal source density.
A way to assess the relative rarity of SPT-
selected sources is to consider the space density.
However, because the majority SPT-selected
sources are lensed, the volume probed changes
as a function of lensing and the effective volume
is difficult to calculate. In order to estimate the
survey volume, we consider the ALESS survey,
which has a well-defined survey area and can be
considered complete above a luminosity thresh-
old of >3×1012 L, as shown in Fig. 14. We
assume the two surveys have equal source den-
sity in the region 2.5<z<3.5 for >3×1012 L.
We use this region to estimate the volume for
the SPT survey and compare the two redshift
distributions directly in Fig. 15. The error bars
for SPT are taken to be the Poissonian errors
from SPT added in quadrature with the ALESS
errors in order to account for the scaling.
Because the SPT distribution is both se-
lected at long wavelength and spectroscopi-
cally complete, we have measured the high
redshift tail of the overall DSFG distribu-
tion. By summing the contributions in Fig. 15,
we infer that the expected number of DS-
FGs above z>4 is 1.7(7)×10−6 /Mpc3 above
3×1012 L. We can also predict the number of
z>6 sources above 3×1012 L, which we take to
be 6(7)×10−8 /Mpc3, but this number should
be used with caution, as it is based upon just
one source (Marrone et al. 2018). To place
this number in context, we compare with other
observations (Coppin et al. 2009; Ivison et al.
2016; Cooke et al. 2018) and theoretical pre-
dictions (Hayward et al. 2013; Be´thermin et al.
2017; Lagos et al. 2019; Lovell et al. 2020) in
Tab. 2 and Fig. 16. The stated number densities
are taken to have an upper limit of z=8 and the
errors are again calculated using both the SPT
and ALESS Poissonian errors in quadrature.
The Hayward et al. (2013) model combines
a semi-empirical model with 3D hydrodynami-
cal simulations and a 3D dust radiative trans-
fer. Strong lensing is not included in the mod-
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eling and the model predicted dn/dz is deter-
mined using sources with S1 mm>1 mJy, consis-
tent with the expected intrinsic flux densities
of our sample. While the Hayward et al. (2013)
model over-predicts the number of z>4 and z>5
galaxies, it does not predict any galaxies at z>6,
which is contrary to our observations.
As previously discussed, Be´thermin et al.
(2015a) model is an empirical model, which
starts from the observed FIR number counts.
This model also includes the effects of mag-
nification by strong lensing, so it can directly
predict the dn/dz for the SPT sample. We find
that the updated Be´thermin et al. (2017) model
is, in general, in good agreement with the SPT
measurement.
The Shark semi-analytic model Lagos et al.
(2018) is also compared in Tab. 2 and Fig. 16.
The number densities of galaxies with LIR>3×
1012 L were computed using the simulated
lightcone with an area of 107.9 deg2 and covers
a redshift range 0≤z≤8, and includes all galax-
ies in the model with stellar masses >108 M
and with a (dummy) AB magnitude (of mass-
to-light-ratio = 1) ≤ 32 mags. Note that here,
LIR corresponds to the total luminosity that
is re-emitted by dust in Shark at wavelengths
≤1000µm. While this model under-predicts the
number of sources at z>4 and z>5, it exactly
matches at z∼6.
Lovell et al. (2020) modelled the S850µm emis-
sion using a full radiative transfer code cou-
pled with a full cosmological lightcone. To com-
pare with our model we have selected sources at
S850µm > 3mJy, which corresponds to roughly
LFIR ∼ 3×1012L. The model is in good agree-
ment with the SPT measurement at z∼6, but
over-predicts the density of sources at z∼4.
With SPT, we have measured the “high-
redshift tail” of the distribution of luminous
DSFGs. The SPT measurement for z>4 lu-
minous sources lies within the range of model
predictions and previous measurements and can
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Figure 15. The spatial density of ALESS and SPT
sources. Because the ALESS survey has a well-
defined survey volume, we use it to correct for the
unknown SPT survey volume. We assume both sur-
veys are complete above a luminosity threshold of
> 3×1012 L and use the region where both surveys
have equal source density (2.5 < z < 3.5) to scale
the SPT source density. In this plot, union simply
represents the overlapping source density regions of
both surveys.
already constrain models of galaxy evolution.
The next-generation mm-wave surveys, com-
bined with spectroscopic followup, will further
improve this measurement and extend the red-
shift constraints out to z∼8.
5. CONCLUSIONS
In this paper we present the final spectro-
scopic redshift distribution for the SPT-selected
DSFG sample, as well as the complete FIR, sub-
mm, and mm photometry. Our main results and
conclusions are summarized as follows:
• Spectroscopic redshifts have been ob-
tained for all 81 SPT-selected sources.
This survey has the highest spectroscopic
completeness of any sample of high red-
shift galaxies to-date. With the high red-
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Reference Selection LFIR limit N(4<z< 8) N(5<z< 8) N(6<z< 8)
[µm] [×1012 L] [×10−7 Mpc−3] [ deg−2] [×10−7 Mpc−3] [ deg−2] [×10−7 Mpc−3] [ deg−2]
Coppin et al. 2009 850 > 2.3 >1.5 >5.6 – – – –
Ivison et al. 2016 250-500 > 2.3 6 22 – – – –
Cooke et al. 2018∗ 850 > 3.2 >50−60 >187−225 – – – –
this work 1400 > 3 17(7) 82(33) 6.3(3.6) 31(18) .6(.7) 3.0(3.7)
Hayward et al. 2013 – > 1.4 70 262 40 106 0 0
Be´thermin et al. 2017 – > 3 8.66 32.4 4.29 11.4 1.80 3.01
Lagos et al. 2019 – > 3 3.34 12.5 0.87 2.30 0.32 0.53
Lovell et al. 2020 – > 3 192 524 50.4 138 3.15 8.60
Table 2. Observed and modeled source densities of high-redshift luminous DSFGs. * In Cooke et al. (2018),
this estimate is for the range 4<z<5.
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Figure 16. Spatial densities of high-redshift lumi-
nous galaxies with LFIR > 3× 1012L measured in
this work from the SPT survey compared to model
predictions from Hayward et al. (2013); Be´thermin
et al. (2017); Lagos et al. (2019) and Lovell et al.
(2020).
shift sources presented in this work, the
SPT DSFGs represent roughly half of the
z>5 DSFGs in literature to-date, which
will be vital in constraining models of
massive galaxy formation.
• Fitting the photometry by using the em-
pirical relationship between λ0(Tdust) de-
rived in Spilker et al. (2016) improved the
SED fitting and provided better photo-
metric redshifts than the original method
presented in Greve et al. (2012). The dust
temperatures obtained in Sec. 3.2.1 sug-
gest a mild correlation between redshift
and dust temperature (e.g. Cooke et al.
2018), but this result is not yet statisti-
cally significant.
• Due to gravitational lensing, the apparent
luminosity of SPT sources is an order-
of-magnitude greater than the unlensed
DSFG population. However, the intrinsic
luminosities are still significantly higher
than the unlensed 850µm-selected pop-
ulation, with higher dust masses and
lower depletion times for the SPT sources.
Thus, even after accounting for magnifica-
tion due to strong gravitational lensing,
SPT-selected DSFGs are more extreme
than those typically found in blank-field
surveys.
• Even though the SPT survey encom-
passed a contiguous 2500 deg2 area and
the sample is flux-limited, the gravita-
tional lensing intrinsic to the SPT sample
makes it difficult to estimate the total
volume probed by the survey. Scaling
the SPT sample to that of the ALESS
sample allows us to estimate the source
density of luminous DSFGs at high red-
shift. From our data and analysis, we
estimate 3.0 ± 3.7 deg−2 and 6±7×10−8
Mpc−3 DSFGs with LFIR>3×1012 L at
z> 6.
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• Though this SPT-selected redshift cata-
log is now complete, the next generation
of CMB experiments are already in op-
eration. SPT-3G (Benson et al. 2014)
has already begun the process of sur-
veying 1500 deg2 field with a sensitivity
of ∼5 times the original SPT-SZ survey
and will detect two orders-of-magnitude
more sources, extending all the way to
z>8. CMB-S4 (Abazajian et al. 2019),
still in the design phase, is projected
to find an order-of-magnitude more DS-
FGs than SPT-3G. The next-generation
of mm-wave surveys with spectroscopic
followup will be key to uncovering the
the earliest stages of the dust-obscured
Universe.
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APPENDIX
A. SPT SOURCES AND POSITIONS
We present a total of 81 sources in this work. Their positions are calculated using 3 mm continuum
images, and are given in Tab. A.1.
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Table A.1. Positions of SPT-selected DSFGs, obtained by fitting
ALMA 3 mm continuum images.
Short Name Source R.A. Dec.
SPT0002-52 SPT-S J000223-5232.1 0:02:23.76 -52:31:52.7
SPT0020-51 SPT-S J002023-5146.5 0:20:23.58 -51:46:36.4
SPT0027-50 SPT-S J002706-5007.4 0:27:06.54 -50:07:19.8
SPT0054-41 SPT-S J005439-4151.9 0:54:39.52 -41:51:53.2
SPT0103-45 SPT-S J010312-4538.8 1:03:11.50 -45:38:53.8
SPT0106-64 SPT-S J010623-6413.08 1:06:23.86 -64:12:50.0
SPT0109-47 SPT-S J010949-4702.02 1:09:49.66 -47:02:11.4
SPT0112-55 SPT-S J011207-5516.15 1:12:09.03 -55:16:36.0
SPT0113-46 SPT-S J011308-4617.7 1:13:09.01 -46:17:56.1
SPT0125-47 SPT-S J012506-4723.7 1:25:07.08 -47:23:56.0
SPT0125-50 SPT-S J012549-5038.2 1:25:48.45 -50:38:21.0
SPT0136-63 SPT-S J013652-6307.4 1:36:50.28 -63:07:26.7
SPT0147-64 SPT-S J014707-6458.9 1:47:07.07 -64:58:52.1
SPT0150-59 SPT-S J015011-5924.1 1:50:09.26 -59:23:57.1
SPT0155-62 SPT-S J015547-6250.9 1:55:47.75 -62:50:50.0
SPT0202-61 SPT-SJ 020258-6121.1 2:02:58.75 -61:21:11.0
SPT0226-45 SPT-S J022649-4515.9 2:26:49.46 -45:15:39.0
SPT0243-49 SPT-S J024307-4915.5 2:43:08.81 -49:15:34.9
SPT0245-63 SPT-S J024543-6320.7 2:45:44.08 -63:20:38.7
SPT0300-46 SPT-S J030003-4621.3 3:00:04.37 -46:21:23.8
SPT0311-58 SPT-S J031134-5823.4 3:11:33.14 -58:23:33.4
SPT0314-44 SPT-S J031428-4452.2 3:14:28.33 -44:52:22.8
SPT0319-47 SPT-S J031931-4724.6 3:19:31.88 -47:24:33.6
SPT0345-47 SPT-S J034510-4725.6 3:45:10.77 -47:25:39.5
SPT0346-52 SPT-S J034640-5204.9 3:46:41.13 -52:05:01.9
SPT0348-62 SPT-S J034841-6220.9 3:48:42.10 -62:20:50.9
SPT0402-45 SPT-S J040202-4553.3 4:02:02.19 -45:53:14.0
SPT0403-58 SPT-S J040331-5850.0 4:03:32.69 -58:50:08.8
SPT0418-47 SPT-S J041839-4751.8 4:18:39.67 -47:51:52.5
SPT0425-40 SPT-S J042517-4036.7 4:25:17.38 -40:36:49.4
SPT0436-40 SPT-S J043640-4047.1 4:36:41.30 -40:47:08.7
SPT0441-46 SPT-S J044143-4605.3 4:41:44.08 -46:05:25.6
SPT0452-50 SPT-S J045247-5018.6 4:52:45.83 -50:18:42.4
SPT0457-49 SPT-S J045719-4932.0 4:57:17.52 -49:31:51.7
Table A.1 continued
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Table A.1 (continued)
Short Name Source R.A. Dec.
SPT0459-58 SPT-S J045859-5805.1 4:58:59.80 -58:05:14.1
SPT0459-59 SPT-S J045912-5942.4 4:59:12.34 -59:42:20.3
SPT0512-59 SPT-S J051258-5935.6 5:12:57.98 -59:35:42.0
SPT0516-59 SPT-S J051640-5920.4 5:16:37.98 -59:20:32.1
SPT0520-53 SPT-S J052040-5329.6 5:20:40.14 -53:29:51.3
SPT0528-53 SPT-S J052850-5300.2 5:28:50.30 -53:00:20.7
SPT0529-54 SPT-S J052903-5436.5 5:29:03.09 -54:36:40.2
SPT0532-50 SPT-S J053250-5047.1 5:32:51.04 -50:47:07.6
SPT0538-50 SPT-S J053816-5030.8 5:38:16.50 50:30:52.5
SPT0544-40 SPT-S J054400-4036.2 5:44:01.12 -40:36:31.2
SPT0550-53 SPT-S J055001-5356.5 5:50:00.56 -53:56:41.4
SPT0551-48 SPT-S J055155-4825.2 5:51:54.65 48:25:01.8
SPT0551-50 SPT-S J055138-5058.0 5:51:39.42 -50:58:02.0
SPT0552-42 SPT-S J055226-4243.9 5:52:26.52 -42:44:12.7
SPT0553-50 SPT-S J055321-5006.9 5:53:20.39 -50:07:11.8
SPT0555-62 SPT-S J055518-6218.6 5:55:16.00 -62:18:50.2
SPT0604-64 SPT-S J060457-6447.4 6:04:57.57 -64:47:22.0
SPT0611-55 SPT-S J061154-5513.9 6:11:57.88 -55:14:09.5
SPT0625-58 SPT-S J062523-5835.2 6:25:22.18 -58:35:20.0
SPT0652-55 SPT-S J065206-5516.0 6:52:07.24 -55:16:00.1
SPT2031-51 SPT-S J203100-5112.1 20:30:58.87 -51:12:25.2
SPT2037-65 SPT-S J203729-6513.3 20:37:31.98 -65:13:16.8
SPT2048-55 SPT-S J204824-5520.7 20:48:22.87 -55:20:41.3
SPT2101-60 SPT-S J210113-6048.9 21:01:13.77 -60:48:56.2
SPT2103-60 SPT-S J210328-6032.6 21:03:30.90 -60:32:39.9
SPT2129-57 SPT-S J212912-5702.1 21:29:12.53 -57:01:54.3
SPT2132-58 SPT-S J213242-5802.9 21:32:43.23 -58:02:46.4
SPT2134-50 SPT-S J213404-5013.2 21:34:03.34 -50:13:25.2
SPT2146-55 SPT-S J214654-5507.8 21:46:54.02 -55:07:54.7
SPT2147-50 SPT-S J214720-5035.9 21:47:19.05 -50:35:53.5
SPT2152-40 SPT-S J215212-4036.6 21:52:12.61 -40:36:29.5
SPT2203-41 SPT-S J220316-4133.5 22:03:16.85 -41:33:26.2
SPT2232-61 SPT-S J223250-6114.7 22:32:51.14 -61:14:44.8
SPT2307-50 SPT-S J230721-4930.4 23:07:25.16 -50:03:35.4
SPT2311-45 SPT-S J231148-4546.6 23:11:50.52 -45:46:44.8
SPT2311-54 SPT-S J231125-5450.5 23:11:23.97 -54:50:30.1
SPT2316-50 SPT-S J231657-5036.7 23:16:58.90 -50:36:31.7
Table A.1 continued
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Table A.1 (continued)
Short Name Source R.A. Dec.
SPT2319-55 SPT-S J231922-5557.9 23:19:21.64 -55:57:57.8
SPT2332-53 SPT-S J233227-5358.5 23:32:26.50 53:58:39.8
SPT2335-53 SPTS J233513-5324.0 23:35:13.96 -53:24:21.0
SPT2340-59 SPT-S J234009-5943.1 23:40:08.96 -59:43:32.3
SPT2349-50 SPT-S J234942-5053.5 23:49:42.20 -50:53:30.9
SPT2349-52 SPT-S J234928-5246.7 23:49:29.42 -52:46:48.6
SPT2349-56 SPT-S J234944-5638.3 23:49:42.78 -56:38:23.2
SPT2351-57 SPT-S J235149-5722.2 23:51:50.80 -57:22:18.3
SPT2353-50 SPT-S J235339-5010.1 23:53:39.26 -50:10:08.1
SPT2354-58 SPT-S J235434-5815.1 23:54:34.31 -58:15:08.3
SPT2357-51 SPT-S J235718-5153.6 23:57:16.83 -51:53:52.8
Note—Long source names are based on positions measured with the SPT
data. Source positions are based on ALMA 3 mm continuum data.
B. ALMA 3 MM SPECTRA
The spectroscopic redshifts were obtained by
scanning ALMA’s band 3, using the proce-
dure outlined in Sec. 2.2. The resulting 3 mm
line scans (project IDs: 2015.1.00504.S and
2016.1.00672.S) are shown in Fig. B.1. Each
target was observed for roughly 6 − 15 minutes
on-source. Originally, three spectra (SPT0112-
55, SPT0457-49 and SPT2340-59) did not show
any spectroscopic lines. Additional deeper
3 mm scans were obtained in 2019.1.00486.S
and revealed two spectroscopic lines each.
C. ANCILLARY SPECTROSCOPIC
OBSERVATIONS
In this appendix, we show the supplementary
observations that resolve redshift ambiguities
in our ALMA observations. Ancillary spectro-
scopic observations were performed with tar-
geted line scans using APEX/FLASH, ALMA
and ATCA.
APEX/FLASH CONFIRMATIONS
Because of its brightness, the [CII] line was
used to confirm eight sources at z'3. Be-
cause four of the spectra have already been
published in Weiß et al. (2013) and Strandet
et al. (2016), we present only the four new [CII]
observations. The observations were carried
out using APEX/FLASH (Klein et al. 2014)
in the 345 GHz and 460 GHz transmission
window. The data were obtained as part of
project IDs M-095.F-9528-2015 and M-097.F-
9519-2016 using Max Planck Society observ-
ing time in the period March – August 2015
and April – September 2016. All observa-
tions were performed in “good” weather con-
ditions with an average precipitable water va-
por <1.5 mm, yielding typical system tempera-
tures of Tsys=240 K. A full detail of the obser-
vation scheme and data processing procedure
is detailed in Gullberg et al. (2015). Fig. C.1
shows the four new [CII] spectra used in this
work.
ALMA TARGETED LINE SCANS
A total of 17 sources in the ALMA 3 mm spec-
tral scans that contained a single CO line were
confirmed through targeted line scans. Though
a photometric redshift could be used to fur-
ther identify which CO transition was likely
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Figure B.1. The 3 mm ALMA spectra (spanning 84.2−114.9 GHz) of all SPT DSFGs. Marginal spectro-
scopic detections (>3σ) are designated by the smaller font and dashed line. Though no spectroscopic lines
were detected in SPT0112-55 initially, two lines were detected when the source was reobserved, as shown
above.
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detected, the large error bars associated with
photometric redshifts allow for some ambiguity.
Using the existing CO line detections and the
photometric redshift as a guide, we are able to
specifically target CO lines that would be visible
for degenerate redshift solution. The sidebands
were configured such that an observation would
yield at least one CO line detection for each
source at a likely redshift option. The first 13
sources were observed between December 2018 -
January 2019 (project ID: 2018.1.01254.S), us-
ing ALMA band 4 (125−163 GHz). The line
scans are shown in Fig. C.2. An additional four
sources were confirmed between December 2019
– January 2020 (project ID: 2019.1.00486.S), us-
ing ALMA bands 4 and 5 (163−211 GHz). The
line scans are shown in Fig. C.3.
For both sets of observations, the flux density
and bandpass calibrations were based on obser-
vations of J0519-4546, J0538-4405, J1924-2914,
J2056-4714, J2258-2758, and J2357-5311. The
phase calibration was determined using nearby
quasars. Between 42-48 antennas were used to
complete the observations, resulting in synthe-
sized beam sizes between 3.1−0.8′′. The ob-
serving time for each science block ranged from
5−13 minutes on-source, excluding overheads,
with average single-sideband system tempera-
tures of Tsys=56−86 K. The data were pro-
cessed using the CASA package. The images
were created using natural weighting and the
subsequent spectra were created with a channel
width of 16 MHz. The average noise per channel
in the resulting spectra is 0.4−0.6 mJy beam−1.
ATCA TARGETED LINE SCANS
A subset of the SPT DSFGs were also ob-
served with the Australia Telescope Compact
Array (ATCA) as part of a survey to observe
the CO(1-0) and CO(2-1) line emission (νrest =
115.2712 and 230.5380 GHz, respectively). This
survey was conducted as part of project IDs
C2744 and C2818 and most of the observations
were published in Aravena et al. (2016). How-
ever, observations for one source, SPT0604-64,
were obtained after publication and are shown
in Fig. C.4. We summarize the observations
briefly here, but more detail can be found in
Aravena et al. (2016).
In order to obtain these observations, we
used the Compact Array Broadband Back-
end (CABB) configured in the wide bandwidth
mode (Wilson et al. 2011). This leads to a to-
tal bandwidth of 2 GHz per correlator window
and a spectral resolution of 1 MHz per channel
(∼ 610 km s−1 per channel for the relevant fre-
quency range). The 7 mm receivers were tuned
to the frequency range 30−50 GHz, which cov-
ers the redshift ranges 1.38−2.84 for CO(1-0).
The H214 array configuration at these observ-
ing frequencies leads to typical beam sizes of
5−6′′. We expect the flux calibration to be
accurate to within 15%, based on the compar-
ison of the Uranus and 1934-638 fluxes. The
software packages Miriad (Sault et al. 1995)
and CASA were used for editing, calibration and
imaging.
SOURCES AWAITING SPECTROSCOPIC
CONFIRMATION
As mentioned in the main text, we have
detected a single CO line for two sources
(SPT0150-59 and SPT0314-44), but are still
awaiting ancillary spectroscopic observations to
confirm the redshifts. Using the dust temper-
ature distribution given in Fig. 5 as a prior,
we assign a likelihood of the source being at
each possible redshift solution. These proba-
bilities are displayed in Fig. C.5 for the two
yet-unconfirmed sources. For both sources,
the most probable identification is CO(3-2). It
should be noted that if the line was the higher-
J option, CO(4-3), an additional CO(5-4) line
would have been observed in the 3 mm window.
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Figure B.1. (Continued) The 3 mm ALMA spectra (spanning 84.2−114.9 GHz) of all SPT DSFGs.
Marginal detections (>3σ) are designated by the smaller font and dashed line. Though no spectroscopic
lines were detected in SPT0457-49 initially, two lines were detected when the source was reobserved, as
shown above.
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D. PHOTOMETRY
In this Appendix, we show Tab. D.1 which
contains the values obtained from the photo-
metric observations described in Sec. 2.3.1.
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Figure B.1. (Continued) The 3 mm ALMA spectra (spanning 84.2−114.9 GHz) of all SPT DSFGs.
Marginal detections (>3σ) are designated by the smaller font and dashed line.
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Figure B.1. (Continued) The 3 mm ALMA spectra (spanning 84.2 − 114.9 GHz) of all SPT DSFGs.
Marginal detections (>3σ) are designated by the smaller font and dashed line. A tentative line in SPT2340-
59 was identified in Strandet et al. (2016) at 94.79 GHz. When SPT2340-59 was reobserved in cycle 7, two
lines were detected, shown above.
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Figure B.1. (Continued) The 3 mm ALMA spectra (spanning 84.2 − 114.9 GHz) of all SPT DSFGs.
Marginal detections (>3σ) are designated by the smaller font and dashed line. No spectroscopic lines were
detected in SPT2354-58 because it falls into a spectroscopic redshift desert, depicted in Fig. 2.
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(a) SPT0106-64 (b) SPT0202-61
(c) SPT0516-59 (d) SPT2349-56
Figure C.1. APEX/FLASH [CII] redshift confirmations
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Figure C.2. ALMA 2 mm spectra for sources with redshifts based on a single sub-mm emission line. For
each source we show the USB and LSB spectra in the left and right panel, respectively. Each sideband has
a total bandwidth of 3.75 GHz.
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Figure C.3. ALMA spectra for sources with redshifts based on a single sub-mm emission line. Because of
the low redshift of SPT2354-58 (z = 1.867), it was observed at 1.6 mm. The other sources were observed at
2 mm. For each source we show the USB and LSB spectra in the left and right panel, respectively. Each
sideband has a total bandwidth of 3.75 GHz.
Complete redshift distribution of SPT galaxies 41
7500 5000 2500 0 2500 5000 7500
Velocity offset [km/s]
0
1
2
3
4
5
Fl
ux
 d
en
sit
y 
[m
Jy
]
SPT0604-64
z = 2.481
Figure C.4. ATCA spectrum of CO(2-1) for
SPT0604-64. The data were fitted with a Gaus-
sian (red) and confirm the redshift at z=2.481.
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Table D.1. Photometry for all SPT-selected sources
Source S3000µm S2000µm S1400µm S870µm S500µm S350µm S250µm S160µm S100µm
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]
SPT0002-52 0.47± 0.03 3.1± 0.9 11± 6 50± 4 202± 10 284± 9 333± 10 234± 21 94± 5
SPT0020-51 1.25± 0.05 7± 1 20± 5 71± 4 144± 9 121± 7 72± 8 < 9 < 3
SPT0027-50 1.41± 0.05 9± 1 36± 5 138± 8 316± 8 326± 7 233± 7 86± 13 16± 2
SPT0054-41 1.80± 0.06 10± 2 33± 5 98± 7 174± 10 126± 9 79± 9
SPT0103-45 1.46± 0.23 8± 2 31± 5 125± 6 232± 8 213± 7 133± 11 < 20 < 4
SPT0106-64 2.15± 0.07 13± 1 43± 5 145± 8 237± 9 256± 10 152± 8 64± 14
SPT0109-47 1.11± 0.04 7± 2 16± 5 109± 8 214± 8 219± 9 166± 9 57± 10
SPT0112-55 0.18± 0.03 4± 1 17± 5 36± 4 37± 7 38± 6 < 19
SPT0113-46 1.28± 0.20 9± 2 22± 5 79± 8 89± 6 56± 6 25± 6 < 8 < 2
SPT0125-47 1.88± 0.29 8± 1 32± 5 144± 9 507± 10 656± 11 778± 13 423± 48 116± 6
SPT0125-50 1.51± 0.24 7± 1 29± 5 109± 9 162± 7 181± 7 156± 8 66± 14 13± 3
SPT0136-63 1.12± 0.05 7± 1 22± 4 69± 4 122± 6 81± 7 42± 5
SPT0147-64 1.87± 0.06 11± 1 28± 5 83± 5 122± 7 99± 7 49± 6
SPT0150-59 1.04± 0.04 7± 1 23± 5 63± 3 170± 9 208± 7 174± 8
SPT0155-62 4.12± 0.07 24± 1 67± 5 174± 7 200± 7 135± 7 58± 4 < 8 < 4
SPT0202-61 2.73± 0.06 14± 1 41± 4 109± 7 146± 7 150± 8 128± 8 44± 11 10± 3
SPT0226-45 0.59± 0.03 6± 1 20± 6 66± 5 172± 15 184± 9 185± 10
SPT0243-49 3.16± 0.48 11± 1 29± 5 85± 5 58± 7 44± 7 25± 6 < 10 < 3
SPT0245-63 1.31± 0.05 6± 1 16± 4 61± 5 59± 7 52± 6 50± 6 49± 8 31± 3
SPT0300-46 1.01± 0.16 6± 1 17± 5 57± 5 153± 7 130± 6 85± 8 < 10 < 3
SPT0311-58 1.28± 0.05 7± 1 18± 4 37± 7 52± 8 38± 6 29± 8
SPT0314-44 1.53± 0.06 12± 2 38± 5 104± 6 390± 12 443± 11 337± 11 117± 15 < 4
SPT0319-47 1.2± 0.2 7± 1 21± 5 67± 6 103± 7 102± 6 69± 7 33± 8 < 2
SPT0345-47 1.48± 0.24 6± 1 23± 5 89± 6 215± 8 275± 7 233± 6 84± 12 13± 2
SPT0346-52 2.82± 0.43 12± 1 39± 5 131± 8 204± 8 181± 7 122± 7 33± 9 < 2
SPT0348-62 0.81± 0.04 4± 1 17± 6 52± 4 55± 7 45± 6 29± 6 < 9 < 2
SPT0402-45 1.5± 0.06 13± 1 47± 5 200± 12 555± 12 758± 13 796± 16
SPT0403-58 0.71± 0.03 5± 1 18± 5 40± 5 87± 8 82± 8 56± 7 < 10 < 3
SPT0418-47 0.79± 0.13 9± 1 32± 5 108± 11 175± 7 166± 6 114± 6 45± 8 < 2
SPT0425-40 0.97± 0.04 8± 1 24± 5 60± 6 117± 8 125± 6 71± 6
SPT0436-40 0.8± 0.04 7± 1 23± 6 75± 6 118± 9 112± 7 71± 7
SPT0441-46 1.26± 0.2 7± 1 25± 5 80± 9 106± 7 98± 6 60± 7 < 9 < 2
SPT0452-50 0.67± 0.11 5± 1 18± 4 43± 4 94± 7 81± 6 54± 5 < 10 < 2
SPT0457-49 0.28± 0.07 2± 1 7± 4 26± 3 71± 6 62± 6 40± 4 < 9 < 2
SPT0459-58 0.96± 0.16 6± 1 16± 3 53± 6 80± 7 65± 6 44± 6 < 9 < 2
Table D.1 continued
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Table D.1 (continued)
Source S3000µm S2000µm S1400µm S870µm S500µm S350µm S250µm S160µm S100µm
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]
SPT0459-59 1.19± 0.19 7± 1 22± 3 61± 5 75± 8 67± 7 54± 8 < 9 < 4
SPT0512-59 0.98± 0.16 5± 1 20± 3 75± 6 257± 8 369± 7 305± 7 139± 18 33± 4
SPT0516-59 0.38± 0.03 3± 1 14± 3 33± 3 89± 7 113± 6 89± 6 52± 11 20± 3
SPT0520-53 0.9± 0.03 5± 1 14± 4 56± 5 97± 7 90± 6 56± 6 < 7 < 3
SPT0528-53 0.55± 0.03 3± 1 11± 6 27± 3 41± 6 39± 6 27± 8
SPT0529-54 1.51± 0.23 9± 1 34± 3 118± 7 174± 10 141± 10 88± 7 < 20 < 9
SPT0532-50 3.04± 0.47 11± 1 38± 4 118± 8 290± 8 298± 8 216± 7 69± 13 < 3
SPT0538-50 9± 1 30± 3 125± 5 360± 9 426± 9 344± 8 142± 16 31± 2
SPT0544-40 1.45± 0.05 6± 2 10± 5 87± 7 132± 8 121± 6 68± 6 < 10 < 3
SPT0550-53 0.61± 0.12 4± 1 18± 3 53± 6 97± 11 89± 10 69± 10 28± 9 8± 2
SPT0551-48 11± 1 23± 5 139± 4 420± 12 600± 20 633± 12
SPT0551-50 1.04± 0.17 5± 1 24± 3 74± 6 197± 8 190± 7 149± 7 63± 14 13± 3
SPT0552-42 1.14± 0.05 7± 1 21± 5 48± 4 74± 8 48± 6 37± 6
SPT0553-50 1.08± 0.05 3± 1 10± 7 43± 4 67± 9 47± 6 27± 7 < 10 < 3
SPT0555-62 0.94± 0.04 9± 1 23± 5 56± 3 87± 7 81± 5 79± 6 56± 17 23± 4
SPT0604-64 1.33± 0.03 11± 1 46± 6 150± 8 440± 12 620± 13 509± 13 207± 25 51± 4
SPT0611-55 0.17± 0.03 0.7± 0.4 3± 2 65± 7 250± 10 316± 10 261± 11
SPT0625-58 1.62± 0.06 9± 1 34± 5 125± 6 321± 9 394± 9 324± 7 150± 18 26± 5
SPT0652-55 1.86± 0.06 15± 1 42± 6 172± 7 325± 8 297± 8 186± 8 < 10 < 4
SPT2031-51 0.79± 0.03 4± 1 19± 5 65± 3 225± 7 246± 7 227± 8 91± 13 22± 4
SPT2037-65 8.82± 0.08 20± 1 42± 4 131± 6 237± 12 199± 9 129± 10
SPT2048-55 1.89± 0.06 7± 1 17± 4 54± 4 80± 9 91± 6 48± 9 < 8 < 2
SPT2101-60 0.88± 0.04 6± 1 20± 4 62± 6 186± 7 235± 8 170± 8
SPT2103-60 0.99± 0.16 9± 1 28± 5 78± 6 111± 7 84± 5 48± 5 < 8 < 2
SPT2129-57 0.86± 0.04 5± 1 22± 4 87± 6 148± 8 184± 9 155± 6 92± 16 34± 3
SPT2132-58 1.42± 0.23 6± 1 29± 5 58± 5 80± 7 75± 7 57± 11 < 10 < 3
SPT2134-50 1.13± 0.18 6± 1 21± 5 101± 7 269± 9 332± 9 350± 9 196± 22 49± 3
SPT2146-55 1.18± 0.19 5± 1 17± 4 55± 4 83± 9 69± 12 65± 12 < 10 < 3
SPT2147-50 0.76± 0.12 6± 1 21± 4 61± 5 121± 8 115± 7 72± 7 < 9 9± 2
SPT2152-40 1.29± 0.05 8± 2 18± 5 97± 7 113± 7 113± 6 85± 7 37± 11 < 4
SPT2203-41 0.96± 0.04 7± 1 30± 5 63± 6 79± 7 48± 5 38± 4
SPT2232-61 0.73± 0.04 7± 1 22± 5 60± 5 210± 8 215± 8 168± 9
SPT2311-45 0.78± 0.04 5± 1 15± 12 60± 4 155± 8 198± 8 164± 6 90± 12 12± 4
SPT2311-54 0.62± 0.04 5± 1 18± 3 44± 3 95± 7 106± 7 85± 10 < 10 12± 3
SPT2316-50 0.21± 0.03 1.9± 1.3 9± 7 31± 4 66± 11 60± 11 38± 11
SPT2319-55 0.76± 0.04 5± 1 15± 3 38± 3 49± 7 44± 6 33± 6 < 8 < 3
SPT2332-53 4.3± 0.5 25± 2 168± 6 304± 5 564± 16 585± 37 233± 37 57± 7
Table D.1 continued
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Table D.1 (continued)
Source S3000µm S2000µm S1400µm S870µm S500µm S350µm S250µm S160µm S100µm
[mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy] [mJy]
SPT2335-53 0.33± 0.03 4± 1 12± 3 36± 5 79± 10 65± 8 43± 9
SPT2340-59 0.26± 0.04 4± 1 13± 4 34± 4 71± 9 66± 7 42± 9 < 10 < 3
SPT2349-50 0.5± 0.04 4± 1 11± 6 43± 3 128± 8 136± 7 129± 9 < 30 < 10
SPT2349-52 0.16± 0.02 4± 1 12± 5 37± 5 73± 10 62± 8 45± 9
SPT2349-56 0.25± 0.03 6± 1 19± 3 57± 8 85± 6 72± 6 37± 6 < 10 < 4
SPT2351-57 0.75± 0.04 7± 1 16± 3 35± 3 74± 6 56± 6 44± 5 < 10 < 3
SPT2353-50 0.88± 0.04 5± 1 16± 3 41± 4 56± 7 52± 6 30± 7 < 10 < 4
SPT2354-58 0.6± 0.04 3± 1 14± 3 66± 5 278± 8 469± 9 614± 11 532± 59 239± 11
SPT2357-51 0.41± 0.03 5± 1 18± 3 53± 5 123± 8 112± 6 71± 5 < 10 < 3
aThe uncertainties do not include absolute calibration errors. Additionally, the 2 mm and 1.4 mm SPT flux densities
are deboosted and are from Everett et al. (2020).
E. ALL ALMA 3 MM SPECTROSCOPIC
LINE OBSERVATIONS
A summary of all spectroscopic data obtained
for the final SPT-selected DSFG sample is given
below, in Tab. E.1. Blind 3 mm scans were con-
ducted for all 81 sources across ALMA cycles
0, 1, 3 and 4. While the spectra are given in
Fig. B.1, the lines detected can be found in the
“Lines from 3 mm scans” column. Any ancil-
lary spectroscopic data obtained is presented in
the “New lines & comments” column. All of the
combined observational efforts have yielded se-
cure redshifts for the complete flux-limited sam-
ple of 81 sources from the 2500 deg2 SPT survey.
Of these, 79 sources had multiple spectroscopic
lines, detected either solely from the 3 mm win-
dow or with ancillary spectroscopic observa-
tions. Only two of the redshifts are based on a
single line, but with a robust line identification
based on our analysis of the dust temperature
distribution. Altogether, this is the largest and
most complete collection of spectroscopic red-
shifts for high-redshift DSFGs obtained so far
at mm wavelengths.
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F. INDIVIDUAL SOURCE PROPERTIES
The properties for the individual SPT sources
are derived using a modified blackbody model,
which is described in detail in Sec. 2.3.2. The
resulting fits are given in Sec. 3.2.1. The val-
ues for dust temperature (Tdust), FIR luminos-
ity (LFIR), dust mass (Mdust) and star forma-
tion rate (SFR) are calculated as described in
Sec. 3.2.2 and given in Tab. F.1. If available, the
magnification from the lens models described
in Spilker et al. (2016) are used to give the
intrinsic values. However, for the 34 sources
without lens models, the median magnification
(
〈
µ870µm
〉
= 6.3) is adopted.
Table F.1. Individual source properties
Source zspec zphot Tdust λpeak µ? LFIR Mdust SFR
[K] µm ×1013 L ×109 M ×103 M yr−1
SPT0002-52 2.351 2.3(0.3) 59(16) 86(6) – 4.4(0.8) 0.96+0.38−1.08 2.6(1.7)
SPT0020-51 4.123 4.2(0.7) 50(15) 92(9) 5.48(0.45) 4.7(0.8) 1.93+0.41−0.52 2.4(0.6)
SPT0027-50 3.444 3.7(0.5) 52(7) 88(4) 5.49(0.43) 8.5(0.8) 2.04+0.28−0.28 3.2(0.5)
SPT0054-41 4.877 4.3(0.7) 58(11) 89(8) – 6.7(0.7) 1.74+0.75−2.14 4.3(2.8)
SPT0103-45 3.090 4.1(0.5) 33(4) 114(9) 5.34(0.49) 3.8(0.5) 2.85+0.56−0.69 2.5(0.7)
SPT0106-64 4.910 4.5(0.4) 66(10) 76(6) – 9.8(0.8) 1.94+0.80−2.41 7.0(4.5)
SPT0109-47 3.614 3.8(0.5) 58(9) 86(6) 12.25(17.51) 6.3(0.6) 0.33+1.16−0.64 1.3(1.9)
SPT0112-55 3.443 6.2(1.0) 56(19) 108(4) – 1.0(0.2) 0.20+0.09−0.21 0.5(0.3)
SPT0113-46 4.233 5.6(0.9) 31(4) 113(14) 23.86(0.51) 2.3(0.4) 0.48+0.15−0.28 0.3(0.1)
SPT0125-47 2.515 2.6(0.3) 66(23) 83(5) 5.47(0.76) 12.9(2.7) 4.38+0.68−0.94 4.9(0.8)
SPT0125-50 3.957 4.5(0.4) 68(12) 74(5) 14.17(1.05) 6.8(0.6) 0.86+0.13−0.15 1.1(0.1)
SPT0136-63 4.299 4.5(0.8) 43(8) 99(9) – 3.6(0.6) 1.34+0.59−1.65 1.6(1.1)
SPT0147-64 4.803 5.3(0.6) 48(12) 91(10) – 5.4(0.7) 2.27+1.00−3.25 2.6(1.7)
SPT0150-59 2.788 3.7(0.6) 37(6) 95(7) – 3.2(0.6) 2.06+0.84−2.42 2.1(1.3)
SPT0155-62 4.349 6.2(0.6) 30(2) 112(9) – 5.9(0.8) 6.20+2.91−7.14 2.8(1.9)
SPT0202-61 5.018 5.6(0.5) 67(20) 66(5) 8.28(1.04) 8.4(0.9) 2.31+0.39−0.52 2.7(0.4)
SPT0226-45 3.233 3.9(0.6) 64(12) 88(7) – 4.4(0.5) 0.79+0.32−0.90 2.7(1.8)
SPT0243-49 5.702 6.8(0.7) 34(7) 103(14) 5.09(0.46) 3.7(0.8) 6.53+2.24−4.71 2.4(0.9)
SPT0245-63 5.626 5.4(0.8) 60(17) 56(2) 1.00(0.00) 3.7(0.5) 9.41+0.92−1.03 18.1(1.0)
SPT0300-46 3.595 3.9(0.7) 44(8) 96(10) 3.53(0.82) 3.7(0.5) 2.77+0.76−1.22 3.2(1.1)
SPT0311-58 6.901 6.4(1.0) 57(22) 71(11) 2.0a 2.8(0.5) 0.88+0.44−1.42 2.8(1.9)
SPT0314-44 2.934 2.8(0.5) 47(8) 93(5) – 8.1(1.0) 2.82+1.05−4.02 3.2(2.1)
SPT0319-47 4.510 4.8(0.6) 59(20) 84(9) 2.88(0.28) 4.5(0.7) 3.06+0.63−0.83 5.2(1.1)
SPT0345-47 4.296 3.3(0.4) 71(15) 64(4) 7.95(0.48) 8.6(1.0) 1.44+0.18−0.21 3.2(0.3)
SPT0346-52 5.655 4.6(0.5) 79(15) 68(6) 5.57(0.12) 10.6(0.9) 3.21+0.54−0.65 6.4(0.7)
SPT0348-62 5.654 5.2(0.9) 63(16) 89(2) 1.18(0.01) 2.6(0.3) 2.95+0.33−0.39 9.6(0.7)
SPT0402-45 2.683 2.8(0.3) 60(11) 89(5) – 13.6(1.6) 2.50+1.02−3.03 7.9(5.0)
Table F.1 continued
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Table F.1 (continued)
Source zspec zphot Tdust λpeak µ? LFIR Mdust SFR
[K] µm ×1013 L ×109 M ×103 M yr−1
SPT0403-58 4.056 4.3(0.7) 55(20) 88(9) 1.66(0.19) 3.0(0.6) 2.67+0.58−0.73 5.8(1.5)
SPT0418-47 4.225 4.2(0.5) 58(11) 91(2) 32.70(2.66) 5.9(0.7) 0.11+0.01−0.02 0.6(0.1)
SPT0425-40 5.135 3.7(1.1) 69(11) 72(8) – 4.4(0.4) 0.58+0.25−0.70 3.7(2.4)
SPT0436-40 3.852 6.1(1.3) 51(8) 101(9) – 3.7(0.4) 0.94+0.38−1.10 2.1(1.4)
SPT0441-46 4.480 5.0(0.6) 51(17) 93(10) 12.73(0.96) 4.3(0.7) 0.70+0.16−0.23 1.1(0.3)
SPT0452-50 2.010 4.4(0.7) 21(2) 154(14) 1.71(0.10) 0.3(0.1) 7.11+1.35−1.98 1.1(0.4)
SPT0457-49 3.987 3.6(1.0) 43(9) 88(11) – 1.4(0.2) 0.30+0.14−0.40 1.2(0.8)
SPT0459-58 4.856 4.6(0.8) 56(16) 87(10) 4.97(0.57) 3.5(0.5) 1.28+0.32−0.45 2.4(0.7)
SPT0459-59 4.799 5.3(0.7) 49(16) 93(11) 3.64(0.39) 3.5(0.6) 2.14+0.54−0.82 3.2(1.0)
SPT0512-59 2.233 2.6(0.4) 34(6) 101(6) – 3.4(0.7) 2.53+1.00−2.87 1.4(0.9)
SPT0516-59 3.404 3.2(0.6) 63(13) 84(7) – 2.7(0.3) 0.52+0.22−0.55 1.6(1.0)
SPT0520-53 3.779 4.2(0.7) 43(7) 98(9) – 2.8(0.4) 1.30+0.55−1.39 1.6(1.1)
SPT0528-53 4.737 4.3(0.9) 58(22) 87(12) – 1.8(0.4) 0.66+0.31−0.89 1.1(0.8)
SPT0529-54 3.368 4.7(0.5) 32(3) 122(10) 13.23(0.85) 3.3(0.5) 1.15+0.22−0.36 0.8(0.3)
SPT0532-50 3.399 4.0(0.5) 44(7) 88(6) 10.04(0.57) 7.6(0.8) 3.56+0.51−0.56 1.7(0.2)
SPT0538-50 2.785 3.0(0.4) 42(6) 92(7) 20.10(2.98) 6.9(0.8) 1.05+0.21−0.29 0.7(0.2)
SPT0544-40 4.269 4.0(0.6) 53(18) 85(9) – 5.0(0.7) 2.17+0.93−2.81 2.2(1.5)
SPT0550-53 3.128 4.1(0.6) 35(8) 112(12) – 1.8(0.4) 1.13+0.52−1.28 0.9(0.6)
SPT0551-48 2.583 2.8(0.3) 62(21) 85(9) – 11.2(2.2) 2.25+0.89−3.17 6.1(4.0)
SPT0551-50 3.164 3.5(0.5) 44(8) 93(6) – 4.2(0.5) 1.91+0.81−2.25 1.7(1.1)
SPT0552-42 4.438 4.9(0.9) 36(5) 102(11) – 2.3(0.5) 1.33+0.60−1.88 1.5(1.0)
SPT0553-50 5.323 4.2(0.9) 59(18) 84(13) – 3.1(0.4) 1.47+0.72−2.17 1.8(1.2)
SPT0555-62 4.815 4.8(0.7) 62(15) 73(7) – 3.9(0.4) 0.72+0.30−0.92 2.9(1.9)
SPT0604-64 2.481 3.0(0.4) 42(8) 98(5) – 7.8(1.3) 2.82+1.10−3.38 3.0(1.9)
SPT0611-55 2.026 2.5(0.4) 53(9) 104(2) – 2.9(0.4) 0.43+0.17−0.52 0.8(0.5)
SPT0625-58 2.727 3.4(0.4) 39(6) 93(5) – 5.9(0.9) 2.96+1.16−3.32 2.4(1.5)
SPT0652-55 3.347 4.2(0.5) 40(4) 108(7) – 7.0(0.7) 2.86+1.23−3.29 4.0(2.6)
SPT2031-51 2.452 2.9(0.4) 37(6) 100(6) 3.89(0.16) 3.1(0.6) 2.55+0.31−0.37 1.8(0.3)
SPT2037-65 3.998 5.1(0.6) 35(4) 89(3) – 7.0(1.0) 17.23+6.67−19.52 3.8(2.4)
SPT2048-55 4.090 5.1(0.7) 33(31) 85(8) 6.25(0.70) 2.6(1.2) 3.86+0.70−0.85 1.0(0.2)
SPT2101-60 3.155 3.1(0.6) 52(10) 89(9) – 4.9(0.6) 1.47+0.63−1.64 2.7(1.8)
SPT2103-60 4.436 5.1(0.7) 44(9) 102(3) 27.84(1.76) 3.9(0.5) 0.20+0.02−0.03 0.4(0.1)
SPT2129-57 3.260 4.1(0.4) 56(13) 87(6) – 4.6(0.5) 1.17+0.49−1.30 2.5(1.6)
SPT2132-58 4.768 5.2(0.6) 51(19) 90(11) 5.72(0.54) 3.8(0.7) 1.50+0.35−0.57 2.1(0.6)
SPT2134-50 2.780 3.0(0.3) 61(20) 83(6) 21.00(2.42) 7.0(1.2) 0.59+0.09−0.11 0.8(0.1)
SPT2146-55 4.567 4.6(0.8) 47(19) 88(11) 6.65(0.41) 3.2(0.9) 1.43+0.32−0.55 1.7(0.4)
SPT2147-50 3.760 4.2(0.7) 48(9) 93(8) 6.55(0.42) 3.5(0.4) 0.93+0.15−0.22 1.3(0.3)
Table F.1 continued
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Table F.1 (continued)
Source zspec zphot Tdust λpeak µ? LFIR Mdust SFR
[K] µm ×1013 L ×109 M ×103 M yr−1
SPT2152-40 3.851 4.9(0.5) 47(11) 93(9) – 3.9(0.5) 1.79+0.80−2.27 2.2(1.4)
SPT2203-41 5.194 5.3(0.9) 53(10) 95(2) – 3.3(0.4) 0.67+0.27−0.72 2.2(1.4)
SPT2232-61 2.894 3.1(0.5) 45(8) 100(6) – 3.9(0.5) 1.32+0.50−1.61 2.3(1.5)
SPT2311-45 2.507 3.2(0.5) 35(6) 97(6) – 2.4(0.4) 1.51+0.61−1.63 1.0(0.6)
SPT2311-54 4.280 4.3(0.6) 61(12) 76(7) 1.95(0.09) 3.3(0.4) 1.48+0.22−0.31 5.9(0.9)
SPT2316-50 3.141 3.6(1.0) 48(18) 106(5) – 1.2(0.3) 0.30+0.12−0.36 0.6(0.4)
SPT2319-55 5.293 5.8(0.9) 60(17) 86(10) 7.89(1.85) 2.5(0.4) 0.46+0.14−0.26 1.2(0.4)
SPT2332-53 2.726 2.1(0.3) 64(12) 77(6) – 9.1(1.3) 1.57+0.67−1.99 3.8(2.4)
SPT2335-53 4.755 4.3(1.0) 61(16) 81(2) – 1.5(0.3) 0.17+0.06−0.19 2.0(1.3)
SPT2340-59 3.862 4.3(0.9) 55(14) 93(3) 3.37(0.31) 1.8(0.3) 0.48+0.07−0.08 2.0(0.3)
SPT2349-50 2.876 3.7(0.6) 49(15) 94(7) 2.15(0.09) 2.7(0.5) 2.49+0.36−0.47 3.9(0.7)
SPT2349-52 3.900 4.1(1.0) 63(17) 84(3) – 1.1(0.2) 0.12+0.05−0.14 1.2(0.8)
SPT2349-56 4.302 4.6(0.7) 59(11) 84(2) 1.00(0.00) 1.7(0.3) 0.99+0.10−0.11 6.3(0.5)
SPT2351-57 5.811 4.6(1.1) 70(15) 70(7) – 2.6(0.3) 0.40+0.17−0.49 2.9(1.9)
SPT2353-50 5.578 5.7(0.9) 66(16) 81(10) – 2.9(0.3) 0.67+0.31−0.80 2.1(1.4)
SPT2354-58 1.867 1.9(0.3) 61(17) 87(4) 6.29(0.36) 5.9(1.2) 1.39+0.16−0.18 2.8(0.3)
SPT2357-51 3.070 3.8(0.6) 43(6) 110(3) 2.85(0.12) 2.1(0.3) 1.29+0.14−0.16 2.4(0.2)
Note—Estimates of dust temperatures and FIR luminosities are derived from the modified blackbody fits described
in Sec. 2.3.2. Using these parameters, the dust masses and star formation rates are then derived using Eq. 2 and
Eq. 3, respectively. The FIR luminosities, star formation rates, and dust masses were corrected for gravitational
amplification (µ) according to the lens models described in Spilker et al. (2016) where such models exist. The sources
that have not been modeled have parameters which have been corrected by the average gravitational amplification
presented in Spilker et al. (2016). Where multiple source components exist, we use a flux weighted average to
estimate µ.
?When a lens model is not available, the median value
〈
µ870µm
〉
= 6.3 is adopted.
aPublished by Marrone et al. (2018)
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